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ABSTRACT

SUPERACID CATALYZED REACTIONS: GENERATION OF REACTIVE
INTERMEDIATES AND THEIR CHEMISTRY
Makafui Gasonoo, Ph.D.
Department of Chemistry and Biochemistry
Northern Illinois University, 2017
Douglas A. Klumpp, Director

This dissertation describes the use of triflic acid as catalyst for generating reactive
intermediates and studying their reactivities under varying reaction conditions. The first chapter
is an introduction to the types of organic reactions and acids. This chapter also discusses
generation and reactivities of superelectrophiles as well.
Chapter 2 discusses the synthesis of 3,3-disubstituted-2-oxindoles from the reaction of a
series of acetonyl-substituted 3-hydroxy-2-oxindoles with arene in the presence of triflic acid.
These reactions are performed under mild conditions and products isolated in decent yields.
In chapter 3, the effects of charge migration in a tetra- and pentacationic
superelectrophile is studied. These highly reactive intermediates are reacted with benzene at
elevated temperatures. In the absence of benzene, cyclization occurs to produce novel Nheterocyclic compounds. Alcohol precursors are also ionized to generate these reactive
intermediates and studied using low-temperature NMR.

Chapter 4 talks about the effects of charge-charge repulsion on the aromaticity and antiaromaticity in fluorenyl and dibenzosuberenyl cations respectively. These cations are generated
from ionization of the respective biaryl ketones and dibenzosuberenols with superacid. With
increasing charge, there is a corresponding increase in the aromaticity or anti-aromaticity of the
respective system.
Chapter 5 describes the superacid-promoted synthesis of heterocycle-containing 9,9diarylfluorenes from biaryl ketones. Products are generally isolated in good yields using mild
reaction conditions. Some of these compounds are used in the manufacture of organic light
emitting diodes (OLEDs) and other organic-based electronics.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
1.1 Addition Reactions
The simplest definition of an addition reaction is the reaction between two or more
molecules to form a larger molecule.1-2 These types of reactions are limited to compounds
possessing a double or triple bond. Electrophilic addition reaction is a subcategory of addition
reaction. Addition polymerization, nucleophilic addition, free radical and cycloaddition reactions
are also types of addition reactions.2
1.1.1 Electrophilic Addition Reactions
In general, an electrophile is a positively charged or neutral species possessing empty
orbitals that can be occupied by electrons and is attracted to electrons. An addition reaction in
which a π-bond is broken and two new σ-bonds are formed in its place is classified as
electrophilic addition reaction. In most cases, the substrates in this type of reaction possess at
least a double or triple bond.2
The mechanism involves a covalent bond formation between an electrophile X+ and an
unsaturated C=C bond – an electron-rich species. This step is the driving force for electrophilic
addition reactions. During the reaction, the electrophile transfers its positive charge to the
unsaturated C=C bond 1 that results in the formation a C-X bond within a carbocation 2.

2

This carbocation then reacts with an electron rich species, usually an anion Y-, to form the
second covalent bond in the product 3 (Scheme 1.1). 2

Scheme 1.1: Mechanism of a typical electrophilic addition reaction.
1.2 Electrophilic Aromatic Substitution Reactions
In this type of substitution reaction, an electron deficient substituent (electrophile)
replaces an atom (typically hydrogen) attached to an aromatic system. The electron pair required
for bond formation is derived from the substrate itself. Examples of such electrophilic species are
hydronium ion (H3O+), hydrogen halides (HCl, HBr, HI), nitronium ion (NO2+), and sulfur
trioxide (SO3).1,2
Aromatic nitration, halogenation and sulfonation as well as Friedel–Crafts alkylation and
acylation are electrophilic aromatic substitution reactions used for introducing new functional
groups onto an aromatic system.2 Scheme 1.2 depicts a typical mechanism for this type of
reaction. This involves the reaction of π-electrons of an aromatic system with an electron-

3

deficient species to form an arenium ion (a resonance stabilized carbocation). This step is the
rate-determining step for the overall reaction. Proton abstraction from the cation intermediate
results in the new aromatic compound bearing the electrophilic species. This is a fast and
exergonic process.

Scheme 1.2: Typical mechanism of an electrophilic aromatic substitution reaction.
1.3 Acids
There are two broad definitions of an acid: in terms of protons or electrons. The Swedish
scientist Svante Arrhenius defined an acid as a substance that dissolves in water to produce
electrically charged atoms or molecules, called ions, one of which is a hydrogen ion (H+)
thereby increasing the concentration of H+ ions in water.3-6 It is well established that hydronium
ion (H3O+) results from the combination of hydrogen ions with water molecules since the former
cannot exist as single entities in the presence of water. The key limitation of Arrhenius definition
is the presence of water in order to determine if a compound is an acid or not.

4

The Danish chemist Johannes Nicolaus Brønsted and English chemist Thomas Martin
Lowry, working independently, proposed a new definition of an acid which later became known
as the Brønsted-Lowry theory or proton theory of acids and bases. Their definition states that any
compound that can transfer a proton to another compound is an acid.7 The Brønsted-Lowry
definition does not require the presence of water and is universally accepted as a better definition
of an acid. For a substance to behave as an acid (according to Brønsted-Lowry), there must be
another substance called a base present. Therefore, when an acid loses its proton, it is accepted
by a base forming a species called conjugate base of the acid. This theory broadened the number
of compounds considered as acids to include certain atoms and molecules possessing positive
charges, some hydrated metal cations as well as neutral molecules.7
The US chemist Gilbert N. Lewis also proposed a different definition of an acid in terms
of electrons. He defines an acid as any compound which, in a chemical reaction, is able to attach
itself to an unshared pair of electrons in another molecule or simply, as an electron pair
acceptor.6,8 According to Lewis’ definition, an acid will react with a base in a neutralization
reaction to produce an addition compound. The electron pair needed to form the bond comes
from only one of the reactants, the base. This definition also expanded the number of compounds
considered as acids to include metal ions, oxides of certain nonmetallic elements and certain
solid compounds.6,8

5

1.3.1 Strength of Acids
The measure of the tendency of an acid to lose a proton (H+) is known as strength of the
acid.9 Acids are generally classified as strong or weak acid. A strong acid completely dissociates
in solution but a weak acid dissociates partially in solution. For a weak acid, there is an
equilibrium between the partially dissociated acid and its conjugate base. Also, strong acids have
larger acid dissociation constants (Ka) and lower pH values but weak acids have smaller acid
dissociation constants and higher pH values. The Hammett acidity function, Ho is used for
measuring the acidity of very concentrated solutions of strong acids with a pH value below
zero.10 Some examples of strong acids are sulfuric acid (first dissociation only, pKa1 ≈ −3),11
hydrochloric acid (pKa = −6.3)12 and methanesulfonic acid (pKa = −1.92).13
1.3.2 Superacids
In 1927, James Bryant Conant used the term “superacid” in explaining certain acids that
were conventionally stronger than regular mineral acids.14 Superacids can be defined either by
the modern or classical definition. According to the classical definition, a superacid is any acid
whose acidity is higher than 100 % pure sulfuric acid.14
By the modern definition, a superacid is any acid possessing a proton with a chemical
potential above that recorded for pure sulfuric acid.15 During the 1960s, Ronald Gillespie (who
was pursuing his Ph.D. degree under the guidance of C.K Ingold at London University) proposed
the generally accepted definition of a superacid. He defined a superacid as any acid stronger
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than 100 % sulfuric acid (H0 −12).16 Olah also defined acids that are stronger than pure
aluminum chloride as Lewis superacids.17 Some common examples of superacids are
trifluoromethanesulfonic acid (Ho −14.1), fluorosulfuric acid (Ho −15.1) and carborane superacid
(Ho −18.0). A combination of a strong Lewis acid such as SbF5 and a strong Brønsted acid such
as FSO3H is used for generating exceptionally strong superacids. Fluoroantimonic acid (Ho
−31.3) and Magic acid (Ho −19.2) are examples of these exceptionally strong superacids. Figure
1.1 illustrates the Hammett acidity function, Ho for some superacids.18

Figure 1.1: Hammett acidity function (Ho) and acidity ranges for some selected superacids.

Magic acid, FSO3H·SbF5 (1:1 molar ratio of fluorosulfuric acid, FSO3H and antimony
pentafluoride, SbF5) was developed in Olah’s lab at Case Western Reserve University.18 This
superacid was used for carbocation stabilization and hypercoordination of some carbonium ions.
Superacids are used as catalyst in certain types of organic reactions. Superacids are capable of

7

protonating exceptionally weak base sites such as π-electrons of unsaturated groups, σ-electrons
of alkyl groups, n-electrons of carbonyl groups, methane, xenon, halogens and even molecular
hydrogen due to its strong acidity.18
Trifluoromethanesulfonic acid (also called triflic acid) is the most common and used
superacid in Klumpp’s group. It is freshly distilled prior to use due to its ability to easily absorb
moisture from the atmosphere forming a white stable solid monohydrate, CF3SO3H·H2O. It is
also the superacid of choice since it is soluble in many polar organic solvents, does not fluoridate
or sulfonate organic substrates and together with its conjugate base, CF3SO3-, prevents
oxidation/reduction reactions when used as catalyst.18
1.4 Carbocations
A carbocation is a molecule or ion containing three bonds to a carbon atom and this
carbon atom also bears a positive charge. The methenium ion CH3+, methanium ion CH5+ and
ethanium ion C2H7+ are examples of carbocations.18 Carbocations are generally very unstable
ions and stabilization is sometimes achieved through delocalization of positive charge onto the
entire ion if possible. Carbocations are normally classified as primary, secondary or tertiary
carbocations depending on the groups directly bonded to the carbon atom with the positive
charge. For a primary carbocation, only one carbon atom is directly bonded to the carbon atom
bearing the positive charge. In the case of a secondary and tertiary carbocation, two and three
carbon atoms are respectively bonded. If the carbon bearing the charge is adjacent to a benzene

8

ring or C=C bond, the carbocation is called benzylic or allylic carbocation respectively. When
the carbocation is part of an alkene functionality or part of a benzene ring, it is called vinylic or
aryl carbocation respectively. The order of stability of these carbocations is shown in Figure
1.2.18

Figure 1.2: Generic order of stability of benzylic, allylic, tertiary, secondary and primary
carbocations.

G. Merling first reported carbocation formation in the 1890s when he observed the
formation of a crystalline, water-soluble compound C7H7Br after heating a reaction mixture of
bromine and tropylidene (cycloheptatriene).19
Although Merling was unable to propose a structure for his compound at the time,
Doering and Knox reported that the structure of Merling’s compound was tropylium
(cycloheptatriene) bromide.20 In 1958, Doering and co-workers reported the first NMR spectra of
a stable carbocation that they generated by reacting hexamethylbenzene with methyl chloride and
aluminum chloride.21 Olah also reported observation of the 1H NMR of tert-butyl carbocation
from a mixture containing paraffin candle dissolved in Magic Acid. This observation suggested

9

that the paraffin chain in the candle wax is broken and rearranges to form the tert-butyl ion.18a
Olah then used this superacid media to generate, stabilize and study several carbocations.
To date, carbocations are normally generated, stabilized and studied by techniques
introduced by Olah. Before the 1970s, all carbocations were referred to as carbonium ions until
Olah proposed a nomenclature based on the valency of the carbon bearing the positive charge. If
the valency is three, he proposed carbenium ion and five or six valencies, as carbonium ion.22
It is known that carbocations can also have more than one positive charge on the same
carbon or different carbon atoms or a carbon and heteroatom within a single molecule or ion (e.g.
ethylene dication C2H22+).23 Species bearing two or more positive charges, not necessarily on
carbon atoms, are called superelectrophiles.
1.4.1 Superelectrophiles and Their Reactivities
A superelectrophile is a species that has two or more positive charge centers and these
charges can be found on the same or different type of atoms within a single species. George A.
Olah introduced the concept of superelectrophile in his 1975 Journal of the American Chemical
Society publication that described electrophilic reactions at single bonds.24
Superelectrophiles are classified either as distonic or gitonic superelectrophile. This
classification depends on the distance (number of atoms) separating the atoms bearing the
charges within the superelectrophile. If the charges are separated by two or more carbon or
hetero atoms, the superelectrophile is classified as distonic superelectrophile. When the charges
are in close proximity to each other (not separated by more than one carbon or heteroatom), the
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superelectrophile is classified as gitonic superelectrophile. Some examples illustration these
classifications are shown in Table 1.1.18a
Table 1.1: Examples of gitonic and distonic superelectrophiles.

Superelectrophiles are normally generated by (1) protonation of multiple base sites within
a molecule in a superacid media, (2) further protonation (protosolvation) of a conventional
cationic species by a Brønsted acid or (3) further interaction of a cationic species with a Lewis
acid.25 Although superelectrophiles can be isolated, they are usually generated in situ and reacted
with nucleophiles.
Superacid media are generated by using a strong Brønsted or Lewis acid or a mixture of
the two. These multiply charged electrophiles are extremely unstable species that are
conventionally

generated

at

low

temperatures.

Scheme

1.3

depicts

generation

of

superelectrophile 4, 5 and 6 using a Brønsted acid (eq. 1),26a Lewis acid (eq. 2)26b and a mixture
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of Brønsted and Lewis acids (eq. 3)26c respectively.

Scheme 1.3: Examples of generation of superelectrophiles using different superacid media.

A well-utilized technique for studying superelectrophiles in solution is low-temperature
NMR. This technique involves preparation of the superelectrophile using stable-ion conditions
and subsequent spectroscopic analysis. External NMR standards, especially acetone-d6, are used
for these measurements since the superacid can react with internal standards. Currently, several
gas-phase techniques and theoretical calculations are also used for studying superelectrophiles.18a
The concept of superelectrophilic activation, introduced by Olah, is used to explain
reactivities of electrophiles in superacid media.27 Activation of superelectrophiles occurs through
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protosolvation of an electrophilic species by Brønsted acids or through interaction of such
species with Lewis acids. Olah used the concept of superelectrophilic activation to explain
formation of the hydride abstraction product 7 observed by Brouwer and Kiffen.27 Product 7 was
obtained when protonated acetyl cation (produced in situ from acetic acid) was reacted with
isobutane in HF•BF3 solution.27,28 The reaction scheme illustrating the key aspects of Olah’s
explanation is shown in Scheme 1.4. He proposed the protosolvated, doubly electron deficient,
superelectrophilic intermediate 8 as the key intermediate that reacted with isobutane to form the
hydride abstraction product 7.

Scheme 1.4: Olah’s proposed protosolvation of acetyl cation leading to the hydride
abstraction product.

The exceptionally high acidity exhibited by superelectrophiles enables reaction with
exceptionally weak nucleophiles. This idea is used in organic transformations for constructing
unique carbon-carbon or carbon-heteroatom bonds. Evidence of such enhanced reactivity is the
reaction of 2-pyridinecarboxaldehyde 9 with benzene to form the condensation product 10 in
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excellent yield but acetophenone 12 does not react with benzene (Scheme 1.5).29

Scheme 1.5: Reaction of acetophenone and 2-pyridinecarboxaldehyde with benzene in
CF3SO3H.

In the excess superacid media, acetophenone forms the monocation 13 while 2pyridinecarboxaldehyde forms the dication 11. The reactivity observed between 2pyridinecarboxaldehyde and benzene is attributed to dication 11 which is more reactive than the
monocation 13. A further illustration of the enhanced reactivity of superelectrophiles is the
reaction of chlorobenzene (a deactivated aromatic system) with isatin 14 or parabanic acid 15
using triflic acid (Scheme 1.6).30 In the reaction of chlorobenzene with isatin, it is suggested that
dication 16 is the key intermediate to condensation product 17. This superelectrophilic
intermediate (16) is generated and studied by low-temperature NMR.31 A similar dication 18 (or
even a trication 19) cannot be ruled out as the intermediate in product 20 formation.
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Scheme 1.6: Reaction of isatin and parabanic acid with chlorobenzene in triflic acid.

Superelectrophilic intermediates are also key intermediates in named organic reactions as
well. In a Pictet-Spenger type reaction, Shudo and co-workers reported a slow reaction of Nmethylene-2-phenethylamine 21 in CF3CO2H in forming the isoquinoline ring. When a superacid
mixture (90%CF3SO3H:10%CF3CO2H) was used, the rate of the reaction increased significantly
and the cyclization product 22 was isolated in 76 % yield. A similar reaction was observed with
N-benzylidene-2-phenylethanamine 23 although a much higher yield of product (24) was
isolated (Scheme 1.7). Kinetic studies suggested the involvement of dicationic superelectrophilic
intermediates (25 and 26 respectively) in these reactions.32
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Scheme 1.7: Pictet-Spenger type reaction of N-methylene-2-phenethylamine and Nbenzylidene-2-phenylethanamine in superacid.

Shudo also reported the intramolecular Houben-Hoesch type reaction of 4phenylbutanenitrile 27 in superacid media. It is proposed that product (28) formation involves a
dicationic superelectrophilic intermediate (30) that results from the double protonation of the
nitrile group in 27 (Scheme 1.8). Kinetic studies also suggested the involvement of dication 30 in
the reaction.33

Scheme 1.8: Shudo’s Houben-Hoesch type reaction of 4-phenylbutanenitrile in superacid
media.
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From the above discussions, it is clear that superelectrophilic chemistry is an important
aspect of organic synthesis. Therefore, further studies are needed to expand the scope of this
chemistry for important organic transformations. The following chapters describe works done
using the concept of superelectrophilic chemistry with triflic acid as catalyst.
NOTE: Compound numbering is unique to each chapter.

CHAPTER 2
SYNTHESIS OF FUNCTIONALIZED 2-OXINDOLES BY FRIEDEL-CRAFTS
REACTIONS

2.1 Introduction
Oxindoles are an important class of heterocyclic compounds and the core structure of
several biologically active compounds, natural products and drugs. The oxindole substructure is
present in some potent therapeutic agents, such as the anti-cancer agent 1, laxative 2 and
cardiovascular agent 3. Some natural products containing the oxindole substructure are uncarine
4, rhynchophylline 5 and mitraphylline 6.34-38 A comprehensive scope of the biological uses of
oxindole derivatives is well established in the literature39 and these include but not limited to
anti-angiogenic,40 NMDA antagonist,41 calcium channel blockers42 and analgesic effects.43
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The 2-oxindole structure is also a synthetically viable intermediate as it can serve as
precursor for the synthesis of several clinical pharmaceuticals and natural alkaloids which
includes the furoindoline and pyrroloindoline core structure.44 Nelivaptan 7 and (-)spirotyroptatin 8 are two examples of medicinal and natural spiropyrrolidine-oxindole alkaloids
that contain the pyrrolidine-oxindole core structure.45

There are a number of synthetic outlines to 2-oxindoles.46 These include acid-promoted
condensation of isatin with arenes (eq. 1),47 Friedel–Crafts-type reaction of 3-hydroxy-2oxindoles with arenes to form 3,3-disubstituted-2-oxindoles (eq. 2),48 transition metal-catalyzed
cyclizations (eq. 3)

49

or transition metal-catalyzed intramolecular conjugate oxidative additions

(eq. 4),50 and more recently, base-mediated intramolecular α-arylations (eq. 5).51
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Notwithstanding the several approaches to the synthesis of 2-oxindoles, new synthetic
pathways that produce novel structures and potential building blocks are highly sought after.37
Herein, a new synthetic and more convenient method for the preparation of 3,3-disubstituted-2oxindoles

from

3-acetonyl-3-hydroxy-2-oxindoles

and

derivatives

utilizing

trifluoromethanesulfonic acid as catalyst under relatively mild reaction conditions is discussed.

2.2 Results and Discussion
This study commenced by first preparing a series of 3-hydroxy-2-oxindoles based in part
on a published procedure49 by reacting isatin (and derivatives) with anhydrous acetone in the
1
presence of potassium carbonate sesquihydrate, K2CO3•2 H2O as base to produce the respective
adducts (9-14) in good to excellent yields (Scheme 2.1).

21

Scheme 2.1: Products and isolated yields from the reaction of acetone with isatin (and
derivatives) in the presence of potassium carbonate sesquihydrate.

Acetophenone also reacted with isatin in the presence of a base, potassium carbonate
sesquihydrate, to give the corresponding 3-hydroxy-2-oxindole adduct, 15 in fair yield, (eq. 6),
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A similar reaction based partly on published procedure50 with isatin and Nheteroaromatic ketones in the presence of 4Ȧ molecular sieves in DMF at room temperature for
24 h also formed the respective N-heterocyclic 3-hydroxy-2-oxindoles (16-20) in fair to good
yields (Scheme 1.2).

Scheme 2.2: Products and isolated yields from the reaction of N-heteroaromatic ketones
and isatin in the presence of 4Ȧ molecular sieves in DMF.
Based on previous studies in the Klumpp’s group, we hypothesized that ionization of 3hydroxy-2-oxindoles could be accomplished in acid and the resulting electrophiles would be
reactive.47 Upon reacting 3-hydroxy-3-(2-oxopropyl)indolin-2-one, 9 with benzene in the
presence of triflic acid at room temperature for 14 h, the unexpected product, 3-methyl-3phenyl-2,3-dihydrospiro[indene-1,3'-indolin]-2'-one, 21 is isolated in 81 % yield as a mixture of
diastereomers which were inseparable by column chromatography. GCMS and NMR analysis
helped in confirming the structure of 21. Efforts to grow X-ray quality crystals of 21 were not
successful. When the reaction condition was changed to 0 oC and stirred for 1 h, the expected
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product, 3-(2-oxopropyl)-3-phenylindolin-2-one, 22 is isolated in 62 % yield upon reacting with
one equivalent of benzene (Scheme 2.3).

Scheme 2.3: Reaction of adduct 9 with benzene in triflic acid at 25 oC and 0 oC.

Other arene nucleophiles reacted quite well with adduct 9 to produce the respective
substitution products (23-26, Table 2.1) in good yields at the optimized reaction conditions (0 oC,
1 h). No isomerization or transalkylation products are observed for the alkyl-substituted aryl
nucleophiles used. This may be probably due to the mild reaction conditions. All the products
were formed with good regioselectivity.
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Table 2.1: Products and isolated yields from the reaction of adduct 9 with different arenes
in triflic acid.

The other 3-hydroxy-2-oxindole derivatives (10-14) reacted quite well with
bromobenzene, at the optimized reaction condition to afford the corresponding Friedel-Crafts
type products (27-31) in fair to excellent yields with high regioselectivities (Table 2.2).
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Table 2.2: Products and isolated yields from the reaction of 3-hydroxy-2-oxindoles (10-14)
with bromobenzene in triflic acid.

The N-heterocyclic 3-hydroxy-2-oxindole derivatives (16-20) are also reacted with
benzene, the nucleophile of choose in this case, in the presence of triflic acid at 25 oC for 12-18 h
to afford the corresponding electrophilic aromatic substitution products (32-36) with high
regioselectivity and in good yields (Table 2.3).
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Table 2.3: Products and isolated yields from the reaction of N-heterocyclic 3-hydroxy-2oxindoles (16-20) with benzene in triflic acid at 25 oC.
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Interestingly, when the pyrazine derivative (adduct 19) is reacted with benzene in the
superacid, two equivalence of benzene reacted to produce compound 35 as the major product
(entry 4, Table 2.3), instead of the usual one equivalence that is observed in the other products.
The structure of compound 35 was determined via GCMS, LCMS, HRMS and NMR analysis. A
similar reaction between acetylpyrazine and benzene in the presence of triflic acid at elevated
temperature is reported in the literature (eq. 7).51

Considering a plausible mechanism for these Friedel-Crafts type reactions, formation of
the oxindole carbocation, 38 (that results from the oxonium ion 37) is likely the key intermediate
towards product generation. Although the carbocation, 38 is the most likely electrophile leading
to product generation, formation of the more highly reactive dicationic species 39 (formed from
excess superacid52) cannot be ruled out. The interaction between the carbonyl group and the
excess superacid media may involve partial or complete protonation of 38. Dication 39 is
expected to have a much higher electrophilic character and reactivity compared to the
monocation 38 (Scheme 2.4).53
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The superelectrophilic chemistry of carbonyl groups are extensively studied and observed
in numerous carbonyl electrophiles.18a

Scheme 2.4: Plausible mechanism for the formation of Friedel-Crafts type products 27-31.
In relation to product formation in the N-heteroaromatic series (32-36), the involvement
of more highly ionized species is a possibility. Thus, dicationic superelectrophile 41 (or possibly
the tricationic superelectrophile 42 in the excess superacid media) is the likely intermediate to
product 32 (Scheme 2.5).
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Scheme 2.5: Plausible reaction mechanism leading to substitution product, 32.

A plausible mechanism for the formation of 3-methyl-3-phenyl-2,3-dihydrospiro[indene1,3'-indolin]-2'-one, 21 is depicted in Scheme 2.6. Compound 22 is protonated in the presence of
excess superacid media to give the monocationic species 43. A second ionization would give the
more reactive dicationic superelectrophile 44. The carboxonium ion, 43 then undergoes
nucleophilic attack by benzene to give 3-(2-hydroxy-2-phenylpropyl)-3-phenylindolin-2-one 45.
Subsequently, loss of water generates the monocationic intermediate 46 though formation of
dicationic superelectrophilic species 47 cannot be ruled out. This monocationic species, 46 than
undergoes intramolecular nucleophilic attack followed by proton abstraction to form the
unexpected product, 3-methyl-3-phenyl-2,3-dihydrospiro[indene-1,3'-indolin]-2'-one, 21.
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Scheme 2.6: Plausible reaction mechanism leading to compound 21 formation.

In an effort to incorporate a cyclization reaction into the methodology, 3-hydroxy-3-(2methylallyl)indolin-2-one 48 was synthesized from the reaction of isatin with (2methylallyl)magnesium chloride. When compound 48 was subjected to the Friedel-Crafts type
reaction by reacting it with benzene in the presence of triflic acid at 0 oC for 2-3 h, no reaction
occurred. At 25 oC for 2-3 h, 3,3-diphenylindolin-2-one, compound 49, is isolated as the major
product in 87 % yield, rather than the cyclization product, 3,3-dimethyl-2,3-dihydrospiro[indene1,3'-indolin]-2'-one, compound 50 (eq. 8).
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Formation of 3,3-diphenylindolin-2-one 49 results from the loss of the isobutene
fragment on intermediate 51 via C-C bond cleavage. Either the benzylic carbocation (52, R=Ph)
or the carboxonium ion (52, R=OH) will react with benzene in triflic acid to form compound 50
(eq. 9).53

When arenes, 53-56 were reacted with 3-hydroxy-3-(2-oxopropyl)indolin-2-one, 9 in
triflic acid at 0 oC for 1-2 h or 25 oC for 2-3 h or 25 oC for 12 h, either no reaction occurred or a
complex reaction mixture is observed (Scheme 2.7). Although these arenes have been reported to
be reactive towards superelectrophiles,48 they were did not react with the different reaction
conditions tried. This may be due to the protonation of the arenes (53-56) or protonation of a
substituent group resulting in the deactivation of the arene.
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Scheme 2.7: Attempted reactions of substrate 9 with different arenes at different
conditions.

Despite the different reaction conditions tried in an attempt to react 3-hydroxy-5-nitro-3(2-oxopropyl)indolin-2-one, 11 with bromobenzene in the superacid media, no product formation
was observed and the starting materials were recovered, Scheme 2.8. Although a similar
derivative, 3-hydroxy-5-nitro-3-(pyridin-2-ylmethyl)indolin-2-one, 57 is reported in the literature
to have reacted with benzene under superacid condition to produce the Friedel-Crafts type
product (eq. 10),48 the inability of product formation with adduct 11 was quite surprising. This
may be due to the nitro group that is withdrawing electron density from substrate 11 and thus
deactivating the substrate. This will greatly slow down the rate of reaction of substrate 11 with
bromobenzene in the superacid media.
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Scheme 2.8: Attempted reactions of 3-hydroxy-5-nitro-3-(2-oxopropyl)indolin-2-one, 11
with benzene at different reaction conditions.

2.3 Conclusions
In conclusion, a variety of 3,3-disubstituted-2-oxindoles were synthesized from the
Friedel-Crafts-type reaction of a series of 3-hydroxy-3-(2-oxopropyl)indolin-2-ones and
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3-hydroxy-3-(2-oxo-2-(pyridin-2-yl)ethyl)indolin-2-ones. These reactions were catalyzed by
triflic acid at 0 oC or 25 oC and products were isolated in moderate to good yields. A plausible
reaction mechanism involving the formation of a monocationic intermediate or even a dicationic
superelectrophilic intermediate is proposed as the key intermediate leading to product formation.
2.4 Experimental
Unless otherwise stated, all reactions were performed using oven–dried glassware under
an Argon atmosphere. Trifluoromethanesulfonic acid (triflic acid, CF3SO3H) was freshly
distilled prior to use. All commercially available compounds and solvents were used as received.
1

H and

13

C NMR were done using either 300 MHz or 500 MHz spectrometer; chemical shifts

were made in reference to NMR solvent signals. Low–resolution mass spectra were obtained
from a gas chromatography instrument equipped with a mass–selective detector, whereas high–
resolution mass spectra were obtained from a commercial analytical laboratory (electron impact
ionization; sector instrument analyzer type).
Preparation of 3-hydroxy-3-(2-oxopropyl)indolin-2-one (1) and derivatives, General
Method A.
1
Based in part on a published procedure,49 potassium carbonate sesquihydrate, K2CO3•2
H2O is dissolved in anhydrous acetone (5 mL, 68.1 mmol) at 25 oC, stirred for 5 mins before
adding indoline-2,3-dione (isatin) or its derivative slowly. The reaction is then stirred at 25 oC
overnight. After this time, the reaction mixture is partitioned between ethyl acetate and distilled
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water in a separatory funnel. The aqueous layer is then extracted twice after which the combined
organic fractions are washed with brine, dried over anhydrous sodium sulfate and filtered. The
solvent was removed by rotary evaporation and the resulting product purified by column
chromatography.

Preparation of 3-hydroxy-3-(2-oxopropyl)indolin-2-one, (9): Using general method A,
indoline-2,3-dione (295 mg, 2 mmol) and potassium carbonate sesquihydrate (661 mg, 4 mmol),
the known compound 9 is isolated in 54 % yield. Spectra data matched those reported in
literature.54

Preparation of 3-hydroxy-1-methyl-3-(2-oxopropyl)indolin-2-one (10): Using general method
A, 1-methylindoline-2,3-dione (100 mg, 0.62 mmol) and potassium carbonate sesquihydrate
(205.1 mg, 1.24 mmol), the known compound 10 is isolated in 87 % yield.
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Rf= 0.18 (hexane: ethyl acetate, 1:1). 1H NMR (300 MHz, CDCl3) δ 2.13 (s, 3 H), 3.01 (d, J
=17.0 Hz, 1 H), 3.18 (s, 3 H), 3.22 (d, J =17.0 Hz, 1H), 6.83 (d, J =7.7 Hz, 1 H), 7.03–7.08 (m, 1
H), 7.28–7.35 (m, 2 H).13C NMR (75 MHz, CDCl3) δ 26.3, 31.3, 49.2, 74.1, 108.6, 123.1, 123.7,
129.8, 129.9, 143.6, 176.5, 207.1. High-resolution mass spectrum (CI), calcd for C12H15NO3
(M+1) 220.0974, found 220.0972.55

Preparation of 3-hydroxy-5-nitro-3-(2-oxopropyl)indolin-2-one (11): Using general method
A, 5-nitroindoline-2,3-dione (300 mg, 1.56 mmol) and potassium carbonate sesquihydrate (516
mg, 3.12 mmol), the known compound 11 is isolated in 82 % yield. Spectra data matched those
reported in literature.55

Preparation of 3-hydroxy-5-chloro-3-(2-oxopropyl)indolin-2-one (12): Using general method
A, 5-chloroindoline-2,3-dione (300 mg, 1.65 mmol) and potassium carbonate sesquihydrate
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(546 mg, 3.30 mmol), the known compound 12 is isolated in 91 % yield. Rf = 0.21 (hexane:
ethyl acetate, 1:1). 1H NMR (300 MHz, CDCl3) δ 2.13 (s, 3 H), 3.01 (d, J =17.0 Hz, 1 H), 3.18
(s, 3 H), 3.22 (d, J =17.0 Hz, 1 H), 6.83 (d, J =7.7 Hz, 1 H), 7.03–7.08 (m 1 H), 7.28–7.35 (m, 2
H).

13

C NMR (75 MHz, CDCl3) δ 26.3, 31.3, 49.2, 74.1, 108.6, 123.1, 123.7, 129.8, 129.9,

143.6, 176.5, 207.1.56

Preparation of 3-hydroxy-3-(2-oxopropyl)-1-phenylindolin-2-one (13): Using general method
A, 1-phenylindoline-2,3-dione (200 mg, 0.90 mmol) and potassium carbonate sesquihydrate
(269.1 mg, 1.79 mmol), compound 13 is isolated in 70 % yield as oil. Rf = 0.27 (hexane: ethyl
acetate, 1:1).1H NMR (300 MHz, CDCl3) δ 2.19 (s, 3H), 3.17 (d J =17.1 Hz, 1 H), 3.36 (d, J
=17.1 Hz, 1 H), 6.83 (d, J =7.8 Hz, 1 H), 7.09–7.14 (m, 1 H), 7.24–7.30 (m, 2 H), 7.41–7.57 (m,
6 H).

13

C NMR (75 MHz, CDCl3) δ 30.9, 50.2, 74.0, 109.9, 123.5, 123.9, 126.6, 128.3, 129.4,

129.7, 130.0, 134.1, 144.0, 176.3, 206.5.
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Preparation of 1-(2,6-dichlorobenzyl)-3-hydroxy-3-(2-oxopropyl)indolin-2-one (14): Using
general method A, 1-(2,6-dichlorobenzyl)indoline-2,3-dione (100 mg, 0.33 mmol) and potassium
carbonate sesquihydrate (108.1 mg, 0.65 mmol), compound 14 is isolated in 89 % yield as oil. Rf
= 0.43 (hexane: ethyl acetate, 1:1). 1H NMR (300 MHz, CDCl3) δ 2.30 (s, 3 H), 2.92 (d, J =16.8
Hz, 1 H), 3.16 (d, J=17.1 Hz, 1 H), 4.66 (s, 1 H), 5.12–5.31 (m, 2 H), 6.71 (d, J =9.0 Hz, 1 H),
7.01–7.04 (m, 1 H), 7.14–7.28 (m, 2 H), 7.35–7.39 (m, 3 H). 13C NMR (75 MHz, CDCl3) δ 31.8,
40.1, 48.4, 74.3, 109.7, 123.0, 124.0, 129.0, 129.86, 129.91, 130.1, 142.1, 175.4, 208.3. Highresolution mass spectrum (CI), calcd for C18H15Cl2NO3 (M+1) 364.0507, found 364.0507.

Preparation of 3-hydroxy-3-(2-oxo-2-phenylethyl)indolin-2-one (15): Using general method
A, acetophenone (5 mL, 4 mmol), potassium carbonate sesquihydrate (1321.1 mg, 8 mmol), and
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indoline-2,3-dione (589.2 mg, 4 mmol), the known compound 15 is isolated in 81 % yield.
Spectra data matched those reported in literature.54
Preparation of 3-hydroxy-3-(2-oxo-2-phenylethyl)indolin-2-one and Derivatives, General
Method B.
Based in part on a published procedure, 10 2-pyridinecarboxaldehyde or derivative is dissolved in
10 mL anhydrous DMF at 25 oC, stirred for 5 mins before adding 4Ȧ molecular sieve and
indoline-2,3-dione. The reaction is then stirred at 25 oC overnight. After this time, the reaction
mixture is partitioned between ethyl acetate and distilled water in a separatory funnel. The
aqueous layer is then extracted twice after which the combined organic fractions are washed with
brine, dried over anhydrous sodium sulfate and filtered. The solvent was removed by rotary
evaporation and the resulting product purified by column chromatography.

Preparation of 3-hydroxy-3-(2-oxo-2-(pyridin-2-yl)ethyl)indolin-2-one (16): Using general
method B, 2-pyridinecarboxaldehyde (0.15 mL, 1.36 mmol) and indoline-2,3-dione (200 mg,
1.36 mmol), the known compound 16 is isolated in 81 % yield. . Spectra data matched those
reported in literature.50
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Preparation of 3-hydroxy-3-(2-oxo-2-(pyridin-3-yl)ethyl)indolin-2-one (17): Using general
method B, 3-pyridinecarboxaldehyde (0.15 mL, 1.36 mmol) and indoline-2,3-dione (200 mg,
1.36 mmol), the known compound 17 is isolated in 47 % yield. Spectra data matched those
reported in literature.50

Preparation of 3-hydroxy-3-(2-oxo-2-(pyridin-4-yl)ethyl)indolin-2-one (18): Using general
method B, 4-pyridinecarboxaldehyde (0.15 mL, 1.36 mmol) and indoline-2,3-dione (200 mg,
1.36 mmol), the known compound 18 is isolated in 33 % yield.50
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Preparation of 3-hydroxy-3-(2-oxo-2-(pyrazin-2-yl)ethyl)indolin-2-one (19): Using general
method B, pyrazinecarboxaldehyde (166 mg, 1.36 mmol) and indoline-2,3-dione (200 mg, 1.36
mmol), compound 19 is isolated in 60 % yield as oil. Rf = 0.19 (hexane: ethyl acetate, 1:2).1H
NMR (300 MHz, MeOD) δ 3.72 (d, J =17.4 Hz, 1 H), 4.37 (d, J = 17.4 Hz, 1 H), 6.89–6.95 (m, 3
H), 7.19–7.31 (m, 3 H), 8.71–8.92 (m, 3 H), 8.93 (s, 1 H). 13C NMR (75 MHz, MeOD) δ 44.3,
73.8, 109.4, 122.0, 123.6, 129.4, 130.7, 142.3, 142.5, 143.9, 147.3, 147.8, 179.7, 197.1. Highresolution mass spectrum (CI), calcd for C14H12N3O3 (M+1) 270.0879, found 270.0869.

Preparation of 3-(2-(3-ethylpyrazin-2-yl)-2-oxoethyl)-3-hydroxyindolin-2-one (20): Using
general method B, 2-acetyl-3-ethylpyrazine (204.1 mg, 1.36 mmol) and indoline-2,3-dione (200
mg, 1.36 mmol), compound 20 is isolated in 82 % yield as solid, MP 154–157 °C. Rf = 0.31
(hexane: ethyl acetate, 1:2).1H NMR (300 MHz, MeOD) δ 1.09 (t, J =7.5 Hz, 3 H), 2.80 (q, J
=15 Hz, 2 H), 3.71 (d, J =16.5 Hz, 1 H), 4.33 (d, J = 16.5 Hz, 1 H), 6.89–6.95 (m, 2 H), 7.19–
7.27 (m, 2 H), 8.54 (d, J = 2.4 Hz, 1 H), 8.61 (d, J = 2.7 Hz, 1 H).13C NMR (75 MHz, MeOD) δ
12.0, 27.7, 46.4, 74.0, 109.9, 122.0, 123.6, 130.0, 130.6, 140.9, 142.2, 146.0, 146.6, 158.2, 179.7,
199.0. High-resolution mass spectrum (CI), calcd for C16H15N3O3 (M+1) 298.1192, found
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298.1189.
Preparation of 3-(2-oxopropyl)-3-arylindolin-2-ones, General Method C
In a 10 mL round bottom flask cooled to 0 °C, 3-hydroxy-indolin-2-one or derivative is
dissolved in 1 mL DCM, stirred for 5 mins before adding the respective aromatic nucleophile
and triflic acid (1 mL, 11 mmol) slowly. Following 1-2 h of stirring at 0oC, the reaction mixture
is poured on about 10 g of ice and neutralized with 10 M NaOH solution. The resulting aqueous
solution was then partitioned between chloroform and distilled water. The aqueous fraction is
further extracted twice after which the organic fractions are combined, washed with brine, dried
over anhydrous sodium sulfate and filtered. The solvent is then removed by rotary evaporation
and the product purified by column chromatography.

Preparation of 3-methyl-3-phenyl-2,3-dihydrospiro[indene-1,3'-indolin]-2'-ones (21): Using
general method C, 3-hydroxy-3-(2-oxopropyl)indolin-2-one, compound 9 (90.4 mg, 0.441
mmol), and benzene (1 mL, 11 mmol), compound 21 is isolated in 81 % yield as oil. Rf = 0.71,
(hexane: ethyl acetate, 1:1). NOTE; reaction was performed at 25 oC overnight.
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1

H NMR (300 MHz, CDCl3) δ 2.00 (s, 3 H), 2.64 (d, J = 14.1 Hz, 1 H), 3.27 (d, J = 14.4 Hz, 1

H), 6.83–6.93 (m, 2 H), 7.03–7.11 (m, 3 H), 7.20–7.23 (m, 1 H), 7.25–7.30 (m, 2 H), 7.38–7.43
(m, 3 H), 7.61 (d, J = 7.6 Hz, 2 H).13C NMR (75 MHz, CDCl3) δ 31.1, 52.4, 54.6, 60.7, 110.2,
122.9, 123.8, 124.0, 125.1, 126.0, 127.0, 127.3, 127.9, 128.1, 128.4, 128.6, 136.7, 141.0, 143.2,
149.8, 152.9, 183.2. Low resolution MS (EI): 325 (M+), 310, 280, 232, 204, 155. High resolution
mass spectrum (CI), calcd for C23H20NO (M+1) 326.1545, found 326.1546.

Preparation of 3-(2-oxopropyl)-3-phenylindolin-2-ones (22): Using general method C, 3hydroxy-3-(2-oxopropyl)indolin-2-one, compound 9 (25.7 mg, 0.125 mmol), and benzene (1 mL,
11 mmol), compound 22 is isolated in 62 % yield as colorless solid, MP 178–183 °C. Rf = 0.38,
(hexane: ethyl acetate, 1:1) 1H NMR (300 MHz, CDCl3) δ 2.08 (s, 3 H), 3.55 (d, J = 17.1 Hz, 1
H), 3.65 (d, J =17.7 Hz, 1 H), 6.94 (d, J =7.80 Hz, 1 H), 7.03–7.08 (m, 1 H), 7.21–7.25 (m, 3 H),
7.30–7.37 (m, 4 H), 8.45 (s, 1 H).13C NMR (75 MHz, CDCl3) δ 30.2, 50.8, 53.5, 110.3, 122.3,
124.3, 126.5, 127.6, 128.4, 128.7, 132.1, 139.2, 141.8, 180.4, 204.5. Low resolution MS (EI):
265 (M+), 222, 208, 194, 180, 165. High resolution mass spectrum (CI), calcd for C17H16NO2
(M+1) 266.1181, found 266.1179.
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Preparation of 3-(4-bromophenyl)-3-(2-oxopropyl)indolin-2-one (23): Using general method
C, 3-hydroxy-indolin-2-one, 9 (30.0 mg, 0.15 mmol) and bromobenzene (1 mL, 9.52 mmol),
compound 23 is isolated in 86 % as yellow oil. Rf = 0.56, (hexane: ethyl acetate, 1:1). 1H NMR
(300 MHz, CDCl3) δ 2.07 (s, 3 H), 3.56 (s, 2 H), 6.91 (d, J = 7.8 Hz, 1 H), 7.03–7.08 (m, 1 H),
7.20–7.24 (m, 4 H), 7.41 (d, J = 9.0 Hz, 2 H), 9.06 (s, 1 H).13C NMR (75 MHz, CDCl3) δ 30.3,
50.5, 53.3, 110.6, 121.8, 122.5, 124.3, 128.4, 128.7, 131.6, 131.8, 138.3, 141.9, 180.3, 204.4.
High-resolution mass spectrum (CI), calcd for C17H15BrNO2 (M+1) 300.0791, found 300.0786.

Preparation of 3-(4-chlorophenyl)-3-(2-oxopropyl)indolin-2-one (24): Using general method
C, 3-hydroxy-indolin-2-one, 9 (35.8 mg, 0.17 mmol) and chlorobenzene (1 mL, 9.86 mmol),
compound 24 is isolated in 85 % as yellow oil. Rf = 0.56, (hexane: ethyl acetate, 1:1). 1H NMR
(300 MHz, CDCl3) δ 2.08 (s, 3 H), 3.55 (s, 2 H), 6.94 (d, J = 7.74 Hz, 1 H), 7.04–7.09 (m, 1 H),
7.20–7.27 (m, 6 H), 8.48 (s, 1 H). 13C NMR (75 MHz, CDCl3) δ 30.2, 50.7, 53.1, 110.5, 122.5,
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124.4, 128.0, 128.6, 128.8, 131.5, 133.6, 137.6, 141.7, 180.0, 204.1. High-resolution mass
spectrum (CI), calcd for C17H15ClNO2 (M+1) 300.0786, found 300.0786.

Preparation of 3-(2-oxopropyl)-3-p-tolylindolin-2-one (25): Using general method C, 3hydroxy-indolin-2-one, 9 (90.4 mg, 0.44 mmol) and toluene (1 mL, 9.44 mmol), compound 25 is
isolated in 69 % as light yellow oil. Rf = 0.39 (hexane: ethyl acetate, 1:1). 1H NMR (300 MHz,
CDCl3) δ 2.08 (s, 3 H), 2.31 (s, 3 H), 3.54 (d, J =17.7 Hz, 1 H), 3.63 (d, J =17.7 Hz, 1 H), 6.78
(d, J = 9.0 Hz, 1 H), 7.04–7.13 (m, 3 H), 7.20–7.28 (m, 4 H), 8.82 (s, 1 H).13C NMR (75 MHz,
CDCl3) δ 20.9, 30.3, 50.5, 53.3, 110.4, 122.2, 124.2, 126.4, 128.3, 129.4, 132.3, 136.3, 137.3,
141.9, 180.8, 204.6. High-resolution mass spectrum (CI), calcd for C18H1NO2 (M+1) 280.1338,
found 280.1339.

Preparation of 3-(4-isopropylphenyl)-3-(2-oxopropyl)indolin-2-one (26): Using general
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method C, 3-hydroxy-indolin-2-one, 9 (112.2 mg, 0.55 mmol) and cumene (1 mL, 7.17 mmol),
compound 26 is isolated in 73 % as colorless solid, MP 195–200 °C. Rf = 0.60, (hexane: ethyl
acetate, 1:1). 1H NMR (300 MHz, CDCl3) δ 1.22 (d, J = 6.9 Hz, 6 H), 2.07 (s, 3 H), 2.85–2.90
(m, 1 H), 3.54 (d, J = 17.7 Hz, 1 H), 3.67 (d, J = 17.7 Hz, 1 H), 6.93 (d, J = 7.59 Hz, 1 H), 7.05–
7.07 (m, 1 H), 7.15–7.23 (m, 4 H), 7.27–7.29 (m, 2 H), 8.79 (s,1 H).13C NMR (75 MHz, CDCl3)
δ 23.9, 30.2, 33.6, 50.8, 53.3, 110.4, 112.2, 124.2, 126.5, 1268, 128.3, 132.3, 136.5, 141.9, 148.2,
180.8, 204.6. High-resolution mass spectrum (CI), calcd for C20H22NO2 (M+1) 308.1651, found
308.1647.

Preparation of 3-(4-bromophenyl)-1-methyl-3-(2-oxopropyl)indolin-2-one (27):

Using

general method C, 3-hydroxy-1-methyl-3-(2-oxopropyl)indolin-2-one, 10 (70.8 mg, 0.323 mmol)
and bromobenzene (1 mL, 9.52 mmol), compound 27 is isolated in 85 % yield as colorless solid,
MP 128–135 °C. Rf = 0.56, (hexane: ethyl acetate, 1:1). 1H NMR (300 MHz, CDCl3) δ 2.04 (s, 3
H), 3.24 (s, 3 H), 3.52 (s, 2 H), 6.93 (d, J = 7.80 Hz, 1 H), 7.10–7.13 (m, 1 H), 7.22–7.28 (m, 3
H), 7.33–7.42 (m, 3 H).13C NMR (75 MHz, CDCl3) δ 26.7, 30.1, 51.0, 52.6, 108.7, 121.7, 122.5,
124.1, 128.4, 128.7, 130.8, 131.7, 138.3, 144.6, 177.9, 203.9. High-resolution mass spectrum
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(CI), calcd for C18H17BrNO2 (M+1) 358.0443, found 358.0439.

Preparation of 3-(4-bromophenyl)-3-(2-oxopropyl)-1-phenylindolin-2-one (28): Using
general method C, 3-hydroxy-3-(2-oxopropyl)-1-phenylindolin-2-one, 13 (107.2 mg, 0.381
mmol) and bromobenzene (1 mL, 9.52 mmol), compound 28 is isolated in 52 % yield as yellow
oil. Rf = 0.56, (hexane: ethyl acetate, 3:1). 1H NMR (300 MHz, CDCl3) δ 2.10 (s, 3 H), 3.57 (d,
J = 17.7 Hz, 1 H), 3.70 (d, J = 17.7 Hz, 1 H), 6.86 (d, J = 8.49 Hz, 1 H), 7.11–7.16 (m, 1 H),
7.26–7.36 (m, 4 H), 7.44–7.54 (m, 7 H).

13

C NMR (75 MHz, CDCl3) δ 30.1, 51.6, 52.7, 110.0,

121.9, 122.5, 122.8, 124.0, 126.9, 127.0, 128.2, 128.5, 128.6, 129.6, 130.1, 130.7, 131.5, 131.8,
134.9, 138.4, 145.0, 177.5, 204.0. High-resolution mass spectrum (CI), calcd for C23H19BrNO2
(M+1) 420.0599, found 420.0602.
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Preparation

of

3-(4-bromophenyl)-1-(2,6-dichlorobenzyl)-3-(2-oxopropyl)indolin-2-one

(29): Using general method C, 1-(2,6-dichlorobenzyl)-3-hydroxy-3-(2-oxopropyl)indolin-2-one,
14 (80.3 mg, 0.220 mmol) and bromobenzene (1 mL, 9.52 mmol), compound 29 is isolated in 90
% yield as colorless solid, MP 147–150 °C. Rf = 0.78, (hexane: ethyl acetate, 1:1). 1H NMR (300
MHz, CDCl3) δ 2.07 (s, 3 H), 3.53 (s, 2 H), 5.07 (d, J = 15.4 Hz, 1 H), 5.42 (d, J = 15.2 Hz, 1
H), 6.83 (d, J = 7.56 Hz, 1 H), 7.05–7.07 (m, 1 H), 7.17–7.24 (m, 4 H), 7.26–7.32 (m, 3 H),
7.38–7.41 (m, 2 H).13C NMR (75 MHz, CDCl3) δ 30.2, 40.6, 51.0, 52.4, 109.6, 121.6, 122.3,
124.4, 128.6, 128.9, 129.6, 130.6, 130.9, 131.5, 136.4, 138.1, 143.6, 177.1, 203.9. Highresolution mass spectrum (CI), calcd for C24H19BrCl2NO2 (M+1) 501.9976, found 501.9980.

Preparation of 3-(4-bromophenyl)-5-chloro-3-(2-oxopropyl)indolin-2-one (30):Using general
method C, 3-hydroxy-5-chloro-3-(2-oxopropyl)indolin-2-one, 12 (109.7 mg, 0.488 mmol) and
bromobenzene (1 mL, 9.52 mmol), compound 30 is isolated in 67 % yield as red powder. Rf =
0.88, (hexane: ethyl acetate, 1:1). 1H NMR (300 MHz, CDCl3) δ 2.12 (s, 3 H), 3.50 (d, J = 18.3
Hz, 1 H), 3.60 (d, J = 18.2 Hz, 1 H), 6.87 (d, J = 8.3 Hz, 1 H), 7.17–7.28 (m, 4 H), 7.43 (d, J =
8.7 Hz, 2 H), 8.75 (s, 1 H).13C NMR (75 MHz, CDCl3) δ 30.1, 50.5, 53.4, 111.1, 122.1, 124.6,
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127.8, 128.2, 128.7, 132.0, 133.5, 137.4, 140.4, 179.8, 207.1.High-resolution mass spectrum
(CI), calcd for C17H14BrClO2 (M+1) 377.9896, found 377.9899.

Preparation of 3-(4-bromophenyl)-3-(2-oxo-2-phenylethyl)indolin-2-one (31): Using general
method C, 3-hydroxy-3-(2-oxo-2-phenylethyl)indolin-2-one, 15 (165.3 mg, 0.619 mmol) and
bromobenzene (1 mL, 9.52 mmol), compound 31 is isolated in 89 % as oil. Rf = 0.75 (hexane:
ethyl acetate, 3:1). 1H NMR (300 MHz, CDCl3) δ 4.05 (d, J = 17.9 Hz, 1 H), 4.18 (d, J = 17.9
Hz, 1 H), 6.99–7.07 (m, 2 H), 7.14–7.17 (m, 2 H), 7.28–7.35 (m, 2 H), 7.43–7.47 (m, 3 H), 7.87–
7.89 (m, 2 H), 8.13 (d, J = 8.55 Hz, 1 H), 8.54 (s, 1 H).13C NMR(75 MHz, CDCl3) δ 46.5, 53.3,
110.4, 121.9, 122.5, 122.9, 124.5, 126.4, 128.0, 128.5, 128.6, 128.8, 128.9, 130.1, 131.7, 131.8,
133.9, 138.4, 140.2, 141.8, 180.3, 195.6.
Preparation of 3-(2-oxopropyl)-3-heteroarylindolin-2-ones; General Method D
In a 10 mL round bottom flask at room temperature, the 3-hydroxy-indolin-2-one is
dissolved in 1 mL DCM, stirred for 5 mins before adding benzene (1 mL, 11 mmol) and triflic
acid (1 mL, 11 mmol) slowly. Following 15 hours of stirring at room temperature, the reaction
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mixture is poured on about 10 g of ice and neutralized with 10 M NaOH solution. The resulting
aqueous solution is then partitioned between chloroform and distilled water in a separatory
funnel. The aqueous fraction is further extracted twice after which the organic fractions are
combined, washed with brine, dried over anhydrous sodium sulfate and filtered. The solvent is
then removed by rotary evaporation and the product purified by column chromatography.

Preparation of 3-(2-oxo-2-(pyridin-2-yl)ethyl)-3-phenylindolin-2-one (32):

Using general

method D, 3-hydroxy-3-(2-oxo-2-(pyridin-2-yl)ethyl)indolin-2-one, 16 (168.2 mg, 0.628 mmol),
compound 32 is isolated in 82 % yield as yellow powder. 1H NMR (300 MHz, CDCl3) δ 4.23 (d,
J = 18.6 Hz, 1 H), 4.72 (d, J = 18.9 Hz, 1 H), 6.97–7.03 (m, 2 H), 7.23–7.35 (m, 3 H), 7.44–7.49
(m, 3 H), 7.74–7.79 (m, 1 H), 7.87 (d, J = 7.8 Hz, 1 H), 7.99 (s, 1 H), 8.67 (d, J = 4.5 Hz, 1
H).13C NMR (75 MHz, CDCl3) δ 45.7, 53.5, 109.9, 121.8, 122.2, 124.4, 126.7, 127.4,
127.5,128.2, 128.7, 132.5, 136.8, 139.6, 141.7, 148.9, 152.8, 180.6, 197.8. Low resolution MS
(EI): 328 (M+), 283, 222, 208, 180. High-resolution mass spectrum (CI), calcd for C21H16N2O2
(M+1) 329.1290, found 329.1288.
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Preparation of 3-(2-oxo-2-(pyridin-3-yl)ethyl)-3-phenylindolin-2-one (33): Using general
method D, 3-hydroxy-3-(2-oxo-2-(pyridin-3-yl)ethyl)indolin-2-one, 17 (187.5 mg, 0.700 mmol),
compound 33 is isolated in 61 % yield as red powder. Rf = 0.22, (hexane: ethyl acetate, 1:2).1H
NMR (500 MHz, CDCl3) δ 4.16 (s, 2 H), 6.98–7.09 (m, 2 H), 7.25–7.39 (m, 4 H), 7.45–7.53 (m,
2 H), 8.14 (d, J = 8.0 Hz, 1 H), 8.28 (s, 1 H), 8.77–8.83 (m, 1 H), 9.14 (s, 1 H).13C NMR (125
MHz, CDCl3) δ46.8, 53.4, 110.3, 122.4, 123.6, 124.4, 126.7, 127.8, 128.6, 128.9, 131.6, 131.8,
135.4, 139.0, 141.8, 149.5, 153.7, 180.2, 194.9. Low resolution MS (EI): 328 (M+), 283, 208,
193. High-resolution mass spectrum (CI), calcd for C21H17N2O2 (M+1) 329.1290, found
329.1288.

Preparation of 3-(2-oxo-2-(pyridin-4-yl)ethyl)-3-phenylindolin-2-one (34):Using general
method D, 3-hydroxy-3-(2-oxo-2-(pyridin-4-yl)ethyl)indolin-2-one, 18 (130.9 mg, 0.488 mmol),
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compound 34 is isolated in 75 % yield as red powder. Rf = 0.21, (hexane: ethyl acetate, 1:2).1H
NMR (500 MHz, CDCl3) δ 4.14 (s, 2 H), 6.89 (d, J = 8.0 Hz, 1 H), 7.02 (d, J = 8.0 Hz, 1 H),
7.07–7.09 (m, 2 H), 7.49 (s, 1 H), 7.67 (d, J = 6.0 Hz, 2 H), 7.82 (s, 1 H), 7.91 (d, J = 6.0 Hz, 2
H), 8.56 (d, J = 7.5 Hz, 1 H), 8.80 (d, J = 6.0 Hz, 2 H), 8.91 (d, J = 6.0 Hz, 2 H).13C NMR(125
MHz, CDCl3) δ 47.0, 53.3, 110.15, 110.20, 120.7, 121.4, 122.5, 123.1, 123.5, 124.5, 126.6,
127.9, 128.6, 128.8, 128.9, 133.82, 151.0, 151.2, 189.9, 195.5. High-resolution mass spectrum
(CI), calcd for C21H17N2O2 (M+1) 329.1290, found 329.1286.

Preparation of 3-(2-oxo-2-(6-phenylpyrazin-2-yl)ethyl)-3-phenylindolin-2-one (35): Using
general method D, 3-hydroxy-3-(2-oxo-2-(pyrazin-2-yl)ethyl)indolin-2-one, 19 (96.8 mg, 0.360
mmol), compound 35 is isolated in 61 % yield as yellow powder. Rf = 0.20, (hexane: ethyl
acetate, 3:1). 1H NMR (300 MHz, CDCl3) δ 4.24 (d, J = 18.9 Hz, 1 H), 4.65 (d, J = 18.9 Hz, 1
H), 7.00–7.06 (m, 2 H), 7.25–7.38 (m, 3 H), 7.48 (d, J = 7.2 Hz, 2 H), 7.54–7.56 (m, 2 H), 7.86
(s, 1 H), 8.07–8.10 (m, 1 H), 9.05 (s, 1 H), 9.10 (s, 1 H).13C NMR(125 MHz, CDCl3) δ 45.7,
53.3, 110.0, 122.4, 124.5, 126.7, 127.5, 128.8, 129.2, 131.0, 132.2, 135.4, 136.4, 140.4, 141.7,
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143.1, 145.0, 155.5, 180.2, 197.1. Low-resolution mass spectrum, electrospray ionization (1%
acetic acid in methanol), (M+1) 406, 359, 324, 208, 180, 132. High-resolution mass spectrum
(CI), calcd for C26H20N3O2 (M+1) 406.1556, found 406.1553.

Preparation of 3-(2-(3-ethylpyrazin-2-yl)-2-oxoethyl)-3-phenylindolin-2-one (36): Using
general method D, 3-(2-(3-ethylpyrazin-2-yl)-2-oxoethyl)-3-hydroxyindolin-2-one, 20 (129 mg,
0.434 mmol), compound 36 is isolated in 88 % yield as brown powder. Rf = 0.240, (hexane: ethyl
acetate, 1:1).1H NMR (300 MHz, CDCl3) δ 1.14 (t, J = 7.5 Hz, 3 H), 2.92 (q, J = 14.6 Hz, 2 H),
4.14 (d, J = 18.0 Hz, 1 H), 4.64 (d, J = 18.0 Hz, 1 H), 6.97–7.03 (m, 2 H), 7.22–7.36 (m, 4 H),
7.43 (d, J = 7.2 Hz, 1 H), 8.00 (s, 1 H), 8.45 (d, J = 2.1 Hz, 1 H), 8.61 (d, J = 2.4 Hz, 1 H).13C
NMR (75 MHz, CDCl3) δ 12.8, 28.4, 47.4, 53.7, 110.1, 122.3, 124.5, 126.7, 127.6, 128.4, 128.7,
132.2, 139.5, 140.5, 141.7, 146.3, 159.0, 180.3, 199.1. Low resolution MS (EI): 357 (M+), 223,
208, 180, 152. High-resolution mass spectrum (CI), calcd for C22H20N3O2 (M+1) 358.1556,
found 358.1554.
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Preparation of 3-hydroxy-3-(2-methylallyl)indolin-2-one (49). In a 25 mL round bottom flask
cooled to - 65 oC is dissolved isatin (500 mg, 3.40 mmol) in 10 mL THF, stirred for 5 mins
before adding (2-methylallyl) magnesium chloride in THF solution (5 mL, 2.5 mmol) slowly.
Following 3 hours of stirring at - 65 oC, the reaction mixture is then allowed to warm to room
temperature and stirred overnight. After this time, the reaction is quenched with 5 mL
ammonium chloride saturated solution. The mixture is then partitioned in a separatory funnel
containing distilled water and dichloromethane, DCM. The aqueous layer is then extracted twice
after which the organic fractions are combined, washed with brine, dried over anhydrous sodium
sulfate and filtered. The solvent is then removed by rotary evaporation and the product purified
by column chromatography (Rf = 0.59, hexane: ethyl acetate, 1:1). The known compound 49 is
isolated in 62 % yield.57

CHAPTER 3
TETRA- AND PENTACATIONIC ELECTROPHILES AND THEIR CHEMISTRY
3.1 Introduction
Though the pioneering work of George A. Olah in the field via superacid chemistry, the
concept

of

superelectrophilic

activation

was

developed.18a,58

The

first

proposed

superelectrophiles included the protioacetylium ion (CH3COH2+) and protionitronium ion
(NO2H2+).18a,588 In 1994, Olah was awarded the Nobel Prize in Chemistry for his research work
in carbocation chemistry.59
Conventional electrophiles, such as (CH3)3C+, CH3COH2+ and NO2+ have the potential of
undergoing further protonation to generate superelectrophiles. This suggests interactions of these
electrophiles with the acidic media, thus enhancing their reactivities with nucleophiles.60 More
highly charged organic ions are also known. These include trication 1,61 adamantyl 2 and
tetraarylmethane tetracations 3.61 However, these tetracations (2 and 3) are generally very stable
systems and no synthetic chemistry has been shown with them.61
Highly charged organic ions often can undergo reactions with exceptionally weak
nucleophiles and participate in deep-seated rearrangements.62
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The migration of charge across an organic molecule is an important phenomenon. Only
few researchers have been done work to understand this phenomenon.63 Okamoto et al. in 1981
recognized the phenomenon of charge migration in N-phenylhydroxylamine 4. In the reaction of
N-phenylhydroxylamine with benzene in triflic acid, they observed the formation of [1,1'biphenyl]-4-amine 5 and

[1,1'-biphenyl]-2-amine 6.

The para-substituted product, [1,1'-

biphenyl]-4-amine, 5 was isolated in 48 % yield as the major isomer. A mechanism involving the
formation of a dicationic superelectrophilic intermediate 7 was proposed to explain product
formation(eq. 1).63

Klumpp and coworkers also recently reported the phenomenon of charge migration
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across a phenyl group in a diaryl ethyl cation (eq. 2). Reaction of substrate 8 with benzene in the
presence of superacid afforded compound 9 as the only product in 78 % yield. In oreder to
explain functionalization at the para-position of the phenyl group, charge migration is thought to
occur with the dicationic superelectrophilic intermediate 10, followed by nucleophilic attack by
benzene to give product 9 (eq. 2).64

In this work, in order to generate tetra- and pentacationic ions, the appropriate substrates
were synthesized and attempts were made to generate, study the chemistry and observe these
highly reactive intermediates using low-temperature NMR. Reactions of the tetra- and
pentacationic species with benzene in superacid give products that are consistent with the
concept of charge migration. In the absence of benzene, cyclization occurs to produce novel Nheterocyclic ring systems.

3.2 Results and Discussion
These studies began with the synthesis of tetra- and pentacationic precursors. The
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tetracationic substrate, 2-(6-bromopyridin-2-yl)-2-(pyridin-2-yl)acetonitrile 11 was synthesized
using a published procedure.65 Compound 11 is then reacted with dimethyl sulfoxide, DMSO in
the presence of potassium carbonate sesquihydrate to afford (6-bromopyridin-2-yl)(pyridin-2yl)methanone 12 in 38 % yield (eq. 3).

Substrate 12 is then subjected to Stille coupling to afford [2,2'-bipyridin]-6-yl(pyridin-2yl)methanone 13 in 72 % yield. The ketone is then reacted with phenylmagnesium bromide to
produce [2,2'-bipyridin]-6-yl(phenyl)(pyridin-2-yl)methanol 14 in 64 % yield, the desired
tetracationic precursor (eq. 4).

In analogy to the tricationic superelectrophilic studies,60 ionization of alcohol 14 in
superacid media should afford the tetracationic carbenium ion 15.
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The pentacationic precursor 19 was synthesized using a similar approach. Bis(6bromopyridin-2-yl)methanone, 16 is prepared using published procedure.66 The initial approach
towards synthesizing precursor 19 was to first prepare substrate 17 using double Stille coupling,
followed by a Grignard reaction to afford adduct 19. Unfortunately, substrate 17 was virtually
insoluble in suitable solvents for organometallic chemistry hence a change in approach was
necessary. Thus, substrate 16 is first reacted with phenylmagnesium bromide to afford bis(6bromopyridin-2-yl)(phenyl)methanol 18. This is followed by double Stille coupling to produce
the desired pentacationic precursor 19 in 77 % yield over two steps (Scheme 3.1).
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Scheme 3.1: Preparation of alcohol 19.

As demonstrated in the tricationic studies,60 alcohol 19 should ionize in superacid media
to generate the pentacationic carbenium ion 20.

Subjecting the alcohol substrates (14 and 19) to superacid-promoted reactions resulted in
product formation that is consistent with phenylation and cyclization depending on the presence
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or absence of a nucleophile (Figure 3.1).67 When alcohol 14 is reacted with benzene in the
presence of triflic acid at 25 oC for 24 h, no reaction occurred and the starting alcohol is isolated.
Changing the temperature of the reaction from 25 oC to 60 – 70 oC affords the phenylation
product 21 but a significant amount of the cyclization product 22 was also obtained (Figure 3.1).
In the absence of benzene, the cyclization product is isolated as the exclusive product in good
yield. Despite the likelihood of a cyclization involving either the 2-pyridyl or the 2,6-pyridyl ring
system, only one product is formed – that involving cyclization at the 2,6-pyridyl ring
(confirmed by 1H and 13C NMR and density functional theory (DFT) calculations).66
Using a much stronger superacid, CF3SO3H-SbF5 (Ho – 22) than CF3SO3H (Ho – 14) in
the reaction of alcohol 14 with benzene at elevated temperatures gave exclusively the
phenylation product 21 in 67 % yield.
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Figure 3.1: Products and relative yields from superacid-promoted reaction of alcohols 14
and 19 with and without benzene. Isolated yields are in parentheses; relative yields
determined by NMR.

Similar products were observed when alcohol 19 is subjected to the same reaction
conditions (Figure 3.1).67 At 25 oC, no reaction is observed between alcohol 19 and benzene in
the presence of triflic acid. At elevated temperatures, both phenylation 23 and cyclization 24
products are observed but a more significant amount of cyclization product (24) is observed
compared to that seen from alcohol 14. Only a modest increase in the phenylation product 23
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occurred when a stronger superacid CF3SO3H-SbF5 (32% → 41%) is used in lieu of triflic acid.
Isolation of the phenylation product from the cyclization product in the crude product mixture
proved very difficult by column chromatography despite the numerous attempts made. Although
a good amount of the crude product mixture is recovered, only ca. 5 % of the purified products
23 and 24 could be isolated. In the absence of benzene, cyclization occurred to form the expected
product 24 exclusively in 82 % yield.
The plausible reaction mechanisms with intermediates and transition states of the
conversions above are studied using DFT calculations.66 All the transformations suggest highly
charged organic ions are involved in the reaction. For example, alcohol 14 is protonated at the
hydroxyl group and the three nitrogen base-sites leading to the formation of the tetracationic
oxonium ion 26 in the excess superacid (Scheme 3.2).67 This oxonium ion is a transient species
(an indication from spectroscopic and computational experiments) that leads to the generation of
the tetracationic carbenium ion 15 through cleavage of the C-O bond (loss of water). The water
lost is immediately protonated in the excess superacid media. This tetracationic intermediate 15
is proposed as the key intermediate in the phenylation chemistry. Charge-charge repulsive effects
lead to the delocalization of positive charge at the para position of the phenyl ring (confirmed by
DFT calculations66) followed by nucleophilic attack by benzene and subsequently to product
21.67
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Scheme 3.2: Proposed mechanism for the reaction of alcohol 14 in superacid media to
products 21 and 22.

Based on earlier theoretical calculations in the tricationic superelectrophilic study,60 it is
proposed that the cyclization product formation results from the N-deprotonation of species 15
(deprotonation occurs via the abstraction of acidic N-H protons by the conjugate base of triflic
acid, triflate ion, CF3SO3-) (Scheme 3.2). In order for this phenomenon to occur, species 15 must
be protonating the counter-ion of triflic acid (triflate, CF3SO3-) or benzene (if present in the
mixture). This high level of acidity exhibited by ion 15 may be due to the large amount of
positive charge on the structure.
In the reaction of alcohol 14 with benzene in the presence of triflic acid, some cyclization
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product is observed. This phenomenon was not observed in the case of trication 1 since benzene
completely trapped the ion and the phenylation product 29 is isolated as the exclusive product in
89 % yield (eq. 5).60

This suggests a greater amount of cationic charge in the tetracationic intermediate 15
leads to an increasing acidity of the N-H protons. This hypothesis is further supported by the
results obtained from the reaction of alcohol 14 with benzene and CF3SO3H-SbF5. When
CF3SO3H-SbF5 (Ho −22), a significantly stronger superacid than CF3SO3H (Ho −14), the
pathway to cyclization is completely suppressed and only the phenylation product 21 is
exclusively isolated in 67 % yield. This much higher level of acidity prevents the formation of
the N-deprotonated species 28 that leads to the cyclization product 22. If it is assumed that
cyclization occurs rapidly with the N-deprotonated ion 28, then this further suggests that the
phenylation chemistry involves the tetracationic superelectrophile 15.
In the case of substrate 19, there is likely an equilibrium involving penta- and
tetracationic species (Scheme 3.3).67 In this reaction, initial protonation of all four nitrogen-base
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sites in alcohol 19 leads to the tetracationic species 30, which upon protonation of the hydroxyl
group in the excess superacid, gives the pentacationic oxonium ion 31 (spectroscopic and
theoretical studies suggest the oxonium ion 31 is in low concentration and a short-lived species).
It is likely that the phenylation product 23 arises from reaction of the pentacationic intermediate
20 while the cyclization product 24 is produced through the N-deprotonated tetracationic species
33. When alcohol 19 is reacted with benzene and CF3SO3H, 68 % of the cyclization product 24
is obtained by NMR analysis which is much higher compared to the tricationic (0 %)60 and
tetracationic (48 %) systems respectively. This observation suggests a greater shift in equilibrium
favoring the N-deprotonated species 33 due to the higher amount of positive charge on the
pentacationic carbenium ion 20. Although the superacid was changed from CF3SO3H to
CF3SO3H-SbF5, in an attempt to suppress the formation of the cyclization product, only a
moderate increase in the yield of the phenylation product 23 occurred (32% → 41%). The
cyclized product 24 is still the major product observed. This observation is clearly an indication
that the cyclization pathway is the preferred reaction path and also shows the extraordinarily high
acidity of the N-H protons in the pentacationic carbenium ion 20.67
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Scheme 3.3: Proposed mechanism for the reaction of alcohol 19 in superacid media to
products 23 and 24.

In an attempt to observe and study these highly charged organic ions (15 and 20), stableion conditions were used for ionization of the alcohol precursors 14 and 19. Alcohol 14 is first
dissolved in fluorosulfuric acid, FSO3H (Ho −15) using sulfuryl chloride fluoride, SO2ClF as cosolvent at −30 °C in order to generate and study species 15 in superacid media using lowtemperature NMR. The 1H NMR spectrum shows three distinct N–H proton resonances in the
downfield region at δ 11.8–12.5, indicating that the pyridyl rings are completely protonated
under these conditions and in accord with deshielded proton resonance peaks.
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The 13C NMR spectrum obtained is consistent with a tricationic alcohol, 25 (Table 3.1).67
The 13C spectrum includes a peak at δ 78.3 which is assigned as a carbinol resonance peak being
very close to the

13

C carbinol signal of alcohol 14 (observed at δ 80.6). The calculated NMR

spectra for ions 25 and 26 (vide infra) is in agreement with this interpretation about the carbinol
resonance peak. This shows that FSO3H ionization of alcohol 14 (at low temperature) does not
protonate the hydroxyl group extensively and does not also facilitate the cleavage of the C-O
bond to generate the carbocation, 15. This is in sharp contrast to what is observed with the
CF3SO3H-promoted reactions of alcohol 14 at high temperature. This is clearly an indication that
the hydroxyl group is protonated in the reaction of alcohol 14 with CF3SO3H at high
temperatures and comes off as water but a similar scenario is not observed with FSO3H at low
temperatures although the acidity of FSO3H (Ho −15) and CF3SO3H (Ho −14) are comparable.68
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Table 3.1: 1H and 13C NMR spectra data for superacid-ionization of alcohol 14 and 19 and
fluoride 34.

a

SO2ClF co-solvent, -30 oC.

When alcohol 14 is dissolved in a stronger superacid media, FSO3H-SbF5 (1:1 molar
ratio, Ho −23) with SO2ClF as co-solvent at −30 °C, the 1H and

13

C NMR spectra obtained are

consistent with the tetracationic carbenium ion 15 (Table 3.1; Figure 3.2a and 3.2b).67 The
resonance peaks at δ 29 and 206 in the carbon-13 spectrum are attributed to the external standard
used, d6-acetone. The carbinol resonance peak observed at δ 78.3 using FSO3H as superacid is no
longer present. Instead, two downfield resonance peaks at δ 171.9 and 174.8 are observed. These
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downfield peaks are attributed to the carbenium ion site and the para position of the phenyl ring.
These peaks were absent in the 13C NMR spectrum for the ionization of alcohol 14 using FSO3H.
Comparing these downfield signals to DFT calculated signals (vide infra) shows that these
assignments are in good agreement. In relation to the trication 1 studies, the carbenium ion
resonance was observed and calculated to be around δ 176.60 In this stronger superacid media,
the 1H NMR spectrum obtained shows three well-resolved N–H proton resonances in the range
of δ 11.9–12.2. These protons show approximately equal integrations that are indicative of full
protonation of the pyridyl rings in the FSO3H-SbF5 solution. The resonance peak at δ 9.1 and the
broad peak near δ 9.7 in the 1H NMR spectrum are attributed to the hydronium ion and the
excess superacid media respectively (Figure 3.2b).

Figure 3.2a: 13C NMR spectra of tetracationic carbenium ion 15 in FSO3H–SbF5 –SO2ClF
at −30 °C with d6-acetone as external standard.
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Figure 3.2b: 1H NMR spectra of tetracationic carbenium ion 15 in FSO3H–SbF5 –SO2ClF at
−30 °C with d6-acetone as external standard.

When alcohol 19 is dissolved in Magic Acid, FSO3H-SbF5 (1:1 molar ratio, Ho −23)
using SO2ClF as co-solvent at −30 °C, the 1H and 13C NMR spectra obtained are consistent with
the formation of the tetracationic species 30 (Figure 3.3a and 3.3b).67 The 1H NMR shows two
N–H proton resonances in the downfield region at δ 11.4 and 12.3 (peak integration is
appro.1:1), indicating that the four pyridyl nitrogens are completely protonated under these
conditions and in agreement with highly deshielded proton resonance peaks. The carbon-13
spectrum includes a peak at δ 78.3 which is assigned as a carbinol resonance peak and no peaks
are found beyond δ 156. In spite of being solvated in one of the strongest known superacids,
alcohol 19 does not form significant amounts of the pentacationic oxonium ion 31 and the C-O
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bond is not cleaved to form the pentacationic superelectrophile 20 at low temperature. This may
be due to the very low concentrations of the oxonium ion 31 generated in the superacid media
and the quite high superelectrophilic character of the carbenium ion 20. For the C-O bond
cleavage to occur, water must come off from a highly reactive carbocation center and be solvated
immediately in the superacid media. Despite being a very favorable reaction step for most
alcohol-substrates, the oxonium ion remains intact at the low temperature. It can therefore be
inferred that the oxonium ion 30 is formed in the CF3SO3H-promoted reaction at the reaction
temperature (60 – 70 oC) followed by the C-O bond cleavage in the CF3SO3H-promoted
conversions discussed earlier.

Figure 3.3a: 1H NMR spectra of pentacationic oxonium species 31 in FSO3H–SbF5 –
SO2ClF at −30 °C with d6-acetone as external standard.
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Figure 3.3b: 13C NMR spectra of pentacationic oxonium species 31 in FSO3H–SbF5 –
SO2ClF at −30 °C with d6-acetone as external standard.

Olah utilized FSO3H-SbF5 (1:1 molar ratio) in SO2ClF to ionize organofluorine
compounds as another method for generating carbocationic structures, as the formation of the
antimony fluoride bond is the powerful driving force for such ionizations.69 Based on this,
another approach towards generating and observing the pentacationic species 20 was attempted.
The organofluorine compound 34 was synthesized from alcohol 19 using Deoxo-fluor (eq. 6).67
Compound 34 was envisaged to be a potential precursor to the pentacationic carbenium ion 20.
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Upon ionization with FSO3H-SbF5 (1:1 molar ratio) with co-solvent, SO2ClF at −30 °C,
only the tetracationic species 35 is observed by 1H NMR and 13C NMR characterization (eq. 7).
A distinct doublet in the

C NMR spectrum at δ 90.5 is an indication of the characteristic

13

methine 13C–19F doublet. Two doublets seen in the spectrum at δ 130.1 and 149.1 are due to

19

F

coupling to the two adjacent quaternary ring carbons in 35 (Table 3.1). Ionization of the benzylic
C-F was unsuccessful due to the four pyridinum cations making the C-F bond extremely strong.

As discussed earlier, the calculated

13

C NMR chemical shifts provide insights to the

degree of ionization and the chemistry of substrates 14 and 19 in stable ion conditions (Table
3.2).
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Table 3.2: DFT calculated 13C NMR chemical shifts for ions 25, 26, 15, 30 and 31.

The FSO3H–SO2ClF ionization of alcohol 14 gives a

13

C NMR spectrum (Figure 3.2a)

with the methine 13C signal observed at δ 78.3 which is comparable to the calculated value of δ
81.4 for the carbinol carbon of ion 25. This confirms that low-temperature ionization of 14 in
FSO3H superacid media results mainly in the tricationic alcohol 25 and little to no hydroxyl
group protonation. In the much stronger FSO3H-SbF5 superacid media, new resonance peaks are
observed at δ 171.9 and 174.8, confirming formation of the desired tetracationic species 15.
These signals are reasonably close to the calculated values at δ 174.9 and δ 185.5, respectively,
for the carbenium center and the para position of the phenyl ring of ion 15. Again, there is no
evidence in the

13

C NMR of the tetracationic oxonium ion 26 in the FSO3H-SbF5 superacid

system. This is probably an indication of the short-lived nature of this highly charged oxonium
ion 26. This ion (26) immediately loses water to give the observed tetracationic carbenium ion
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15. The experimental observation of protonated methanol in FSO3H-SbF5 media was reported by
Olah and coworkers in 199770 but there are few other reports.
Ionization of alcohol 19 in FSO3H-SbF5 at low-temperature gives the tetracationic
alcohol 30 instead of 20, the pentacationic carbenium ion. The observed methine peak at δ 78.6
in the

13

C NMR matches reasonably well with the calculated value at δ 81.4. In contrast, the

oxonium ion for substrate 19 provided a methine 13C NMR peak at δ 114.9. These observations
again point to the fact that the expected oxonium ion 31 is a low concentration, unstable
intermediate in the CF3SO3H-promoted reactions leading to phenylation and cyclization
products.
Although alcohol 14 forms the carbocation 15 in FSO3H-SbF5 superacid media, alcohol
19 did not do so under similar conditions. Hence, the expected carbocation 20 is not formed from
the respective oxonium ions, it suggests that the pentacationic oxonium ion intermediate 31, (if
formed) in FSO3H-SbF5 at – 30 oC. These reactions have been studied by computational methods
that examine the reaction of water with these highly charged carbocations (eq. 8).66
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When the tetra- and pentacationic carbenium ions are reacted with water to give the
respective oxonium ion 26 and 31, it was found that the transformation is endergonic by 4.8
kcal/mol for the tetracationic carbenium ion, 15 but exergonic by 15.5 kcal/mol for the
pentacationic carbenium ion, 20. These data supports the fact that the pentacationic system has a
much enhanced superelectrophilic character compared to the tetracationic counterpart. The
increase in charge on the pentacationic system, 20 compared to the tetracationic system, 15
means that the reaction of 20 with water as nucleophile is a more favorable and energetic
reaction pathway than that with the tetracationic carbenium ion, 15. This outcome is in
agreement with the observations made from the NMR experiments that the cleavage of water
from the pentacation oxonium ion 31 does not happen at – 30 oC. This observation may also be
understood to be a result of the strongly endergonic character of the oxonium C–O bond
cleavage in 31. Although ionization of substrate 19 in the FSO3H-SbF5 system at low
temperature does not generate the desired carbocation 20, reactions of 19 in superacid at elevated
temperatures are presumed to generate this highly charged carbocation.
From a structural perspective, highly charged carbocations such as 15 and 20 are reported
to show unusual conformations, distorted bond lengths and delocalized charges.71 An important
characteristic of these highly charged ions is the evidence of charge-charge repulsive effects.60 In
order to study this effect in our systems, calculations were done to determine the natural bond
order (NBO) charges at the methine carbon and the para-position of the phenyl ring carbon.
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It is postulated that an increase in the amount of positive charge at the adjacent
carbocation site should lead to a greater charge migration and an increase in positive charge at
the para-position. It was not surprising that the calculations show an increase, although small, in
the positive charge at the para-position of 0.00, 0.02, and 0.04 for the ions 1, 15 and 20
respectively (Table 3.3).

Table 3.3: Calculated properties of ions 1, 15, and 20.

a

Data taken from reference 60.
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In previous work form our group, the NBO charge for the trication 1 is calculated and
found to be −0.15 for the para-position.60 It is also observed that the NBO charge decreases with
increasing positive charge on the ion. The NBO charge decreased from +0.12 for ion 1 to +0.10
for ion 15 and to +0.09 for ion 20. This is clearly a ramification of the greater electron
delocalization from the phenyl group to the methine carbon center with increasing
superelectrophilic character in the ions. In order to compare the NBO charge at the carbocation
centers also, the NBO charge for the trityl cation is also calculated and found to be + 0.24.60
An increasing π-bond character between the methine and ipso carbons for the series 1, 15
and 20 is also noticed. This is a direct consequence of the delocalization of π-electrons in the
phenyl ring. This structural effect is evident in the steady decrease in C–C bond length between
the methine and ipso carbons as the charge on the ion become increasingly positive. Also, a
modest decline in the dihedral angle from 24.0o to 22.5o and to 21.1o for ion 1, 15 and 20
respectively between ring carbons is consistent with greater π-bond character with increasing
charge within the ions.
Formation of cyclization products 22 and 24 from alcohol precursors 14 and 19
respectively were also examined computationally. In the case of cyclization product 22 from 14,
it is believed that the cyclization involves the tricationic species 28 (Figure 3.4) and a possible
tautomeric species (28t) in the acid equilibrium (28t is a structure with the terminal pyridyl ring
deprotonated). Cyclization of ion 28t will lead to a product that is significantly different from 22
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which should lead to the observation of two cyclization products. However, only one cyclization
product, 22 is observed experimentally from the superacid-promoted reaction of 14. The
computational results are consistent with a preference for cyclization to product 22. Trication 28
is calculated to be more stable than the corresponding tautomer 28t by 11.0 kcal/mol. This is a
significant energy difference that can be attributed to the closely oriented nature of the charged
centers in 28t compared to 28. These tricationic species, 28 and 28t are also found to be in
equilibrium with conformational isomer, 28' and 28t' respectively which are characterized as
minima on the potential energy surface. The transition states (28-TS and 28t-TS) for the two
cyclizations were located and subsequently calculated to be 13.6 kcal/mol for 28-TS and 21.8
kcal/mol for 28t-TS above the global minimum structure 28. This tends to favor cyclization to
compound 22.
In the final cyclization steps, tricationic species 36 and 37 are characterized as minima on
the potential energy profile (Figure 3.4). These two trications, 36 and 37 were found and
calculated to be –4.9 kcal/mol and –7.1 kcal/mol respectively and are significantly more stable
than the starting trications 28 and 28t. The final deprotonation of 37 provides the observed
cyclization product 22. Computational calculations show that the reaction path leading to
formation of 22 is on a more kinetically favorable reaction pathway compared to the other
potential cyclization product route. The 1H and

13

C NMR spectra of 22 and the other potential

cyclization product emerging from 37 (Figure 3.4) are expected to be very much alike and cannot
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be differentiated by NMR.10 All efforts in growing X-ray quality crystals of 22 for X-ray
crystallography determination of structure were unsuccessful.

Figure 3.4: Calculated structures and energies (kcal/mol) related to the cyclization of
trication 28 to product 22.

For the superacid-promoted cyclization of alcohol precursor 19 to 24, it believed that the
tetracationic species 33 plays a key role in product formation. The two potential conformers of
33 and 33' were located and found to be within 0.9 kcal/mol of energy from each other (Figure
3.5). The transition state for the cyclization product was also located and it is estimated to be
10.3 kcal/mol above the minimum structure. This is a significantly lower energy barrier when
compared to the energy for cyclization of the tricationic species 28. The lower cyclization barrier
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is most likely a consequence of the increased charged and much enhanced positive charge
delocalization in ion 33 which has four positive charges compared to ion 28 with only three.
Cyclization leads to intermediate 38, calculated to be 9.2 kcal/mol more stable than the
carbocation 33 and this energy value (-9.2 kcal/mol) is considerably different from that observed
in the tricationic species (-4.9 kcal/mol). It is demonstrated in literature that superelectrophiles
and highly charged ions tend to favor reaction steps that disperse, spread out, or jettison positive
charge.18a,71,72 In the cyclization of 33, the carbocation center is in close proximity to three other
positive charge centers which greatly favors the cyclization reaction. The resulting cyclization
intermediate 38 possesses a more highly dispersed carbocationic charge and is likely an
important aspect of the exergonic reaction found between 20 and water through DFT
calculations. This effect was much smaller in the tricationic system and found to be less
exergonic compared to the tetracationic system.
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Figure 3.5: Calculated structures and energies (kcal/mol) related to the cyclization of
tetracation 33 to product 24.

In an effort to study the phenylation and cyclization reactions in a hexacationic system,
the alcohol precursor 42 was synthesized. Based in part on a published procedure,73 compound
12 was coupled to itself using nickel (II) catalyst to afford [2,2'-bipyridine]-6,6'-diylbis(pyridin2-ylmethanone), 41. This diketone, 41 is then subjected to organometallic chemistry and the
desired alcohol substrate 42 is isolated in 66 % yield (eq. 9).
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When adduct 42 is reacted with benzene in the CF3SO3H– promoted reaction at room
temperature for 24 h, no reaction is observed the starting alcohol 42 is recovered. Changing the
reaction temperature to 60 – 70 oC produced the expected phenylation product 43 in a modest
yield (eq. 10). Surprisingly, no cyclization product was observed in the phenylation reaction.
Cyclization product formation, even in the presence of benzene as nucleophile, is a common
phenomenon observed in the CF3SO3H– promoted reactions of alcohol 14 and 19 as discussed
earlier.

In the case of the superacid-promoted cyclization of alcohol 42 at elevated temperature,
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there are three possible products (44a or 44b or 44c) that can be generated (Scheme 3.4)
depending on whether the cyclization involves the “inner” or “outer” pyridyl rings. The
cyclization product 44a will result from the N-deprotonation of one “inner” and one “outer”
pyridyl ring, 44b from deprotonation of both “outer” pyridyl rings and 44c from deprotonation of
both “inner” pyridyl rings. NMR analysis to confirm the exact isomer formed was unsuccessful.
All efforts towards growing X-ray quality crystals for structural confirmation were also not
successful.

Scheme 3.4: CF3SO3H–promoted cyclization products of alcohol 42.
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A plausible reaction mechanism leading to product 43 is shown in Scheme 3.5. Alcohol
42 is presumed to be fully protonated – first, all four nitrogen base sites to the tetracationic
species 45 and subsequently the two hydroxyl groups – in the superacid media to generate the
hexacationic oxonium ion 46. This oxonium ion, 46 then loses two molecules of water through
cleavage of the C-O bonds to form the hexacationic carbenium ion 47. Delocalization of positive
charge leads to remote functionalization at the para position of the two phenyl rings due to
charge-charge repulsive effects and subsequent nucleophilic attack at this position by benzene
gives the phenylation product 43.

Scheme 3.5: Proposed mechanism for the reaction of alcohol 42 in superacid media to
product 43.
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The plausible cyclization mechanism of 42 to 44 is depicted in Scheme 3.6. As discussed
in the phenylation mechanism above, the hexacationic carbenium ion 47 is generated from the
full protonation of alcohol 42 followed by subsequent loss of two water molecules. All four
acidic N-H protons can be equally deprotonated by the conjugate base of triflic acid leading to
the three possible cyclization products, 44a or 44b or 44c. For product 44a to be generated, the
triflate ion must preferentially deprotonate one each of the “inner” and “outer” pyridyl rings to
form the tetracationic carbenium ion 48 followed by cyclization and proton abstraction. In the
cases of 44b and 44c, deprotonation must occur at both “outer” and “inner” pyridyl rings
respectively to achieve the respective tetracationic carbenium ion 49 and 50 followed by
cyclization and proton abstraction to produce 44b and 44c.
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Scheme 3.6: Proposed mechanism for the reaction of alcohol 42 in superacid media to
products 44a or 44b or 44c.

3.3 Conclusions
The superacid–promoted reactions of alcohols 14, 19 and 42 were studied in the presence
and absence of benzene as nucleophile. In the absence of benzene, cyclization products were
obtained in decent yields. In the presence of benzene, the expected phenylation product and a
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significant amount of cyclization product were observed in the triflic acid catalyzed reactions of
alcohol 14 and 19 but not in 42. This is clearly a result of equilibria involving highly ionized
species including tricationic, tetracationic, and pentacationic intermediates. Using a much
stronger superacid system CF3SO3H-SbF5 completely suppressed the formation of the cyclization
product in 14 but not in the case of 19. Only a slight increase in the phenylation product was
observed. These synthetic transformations represent the first examples of bond-forming reactions
exhibited by highly-charged cationic superelectrophiles. In general, the higher the positive
charge on the ion, the greater the N-H acidity exhibited and the greater the π–electron
delocalization.
4.4 Experimental
Computational Method: Geometries for these structures were optimized in the gasphase at the M06/6-31G(d) level of theory74 using Jaguar.75 Gibbs’ free energy corrections (∆G)
were calculated and structures were verified to be minima or transition states by inspection of the
number of imaginary frequencies. In a second step, single-point energies of the optimized
structures were calculated using M06/cc-pVTZ(-f),76,77 giving a basis set correction term (∆BS).
In a final step, solvent phase calculations were done using a Poisson–Boltzmann solver as
implemented in Jaguar.78 Electrostatic solvation effects from the surroundings were calculated
using the SCRF method with CF3SO3H as a solvent (dielectric constant=77.4, probe
radius=2.5985274).79 The free energy (∆G) and basis set correction terms (∆BS) were added to
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the solution phase energy. NMR chemical shifts were calculated using B3LYP/IGLO-II as
implemented in Gaussian 09,80-82 on M06/6-31G(d) gas-phase optimized structures with benzene
set to the experimental value of 128.37 ppm as the NMR reference. NBO charges were
calculated using NBO 6.0 as implemented in Jaguar.83,66
General. All reactions were performed using oven–dried glassware under an Argon
atmosphere. Trifluoromethanesulfonic acid (triflic acid) was freshly distilled prior to use. All
commercially available compounds and solvents were used as received. 1H and

13

C NMR were

done using either 300 MHz or 500 MHz spectrometer; chemical shifts were made in reference to
NMR solvent signals. Low–temperature NMRs were done using 500 MHz with acetone-d6 as the
external standard. Low–resolution mass spectra were obtained from a gas chromatography
instrument equipped with a mass–selective detector, whereas high–resolution mass spectra were
obtained from a commercial analytical laboratory (electron impact ionization; sector instrument
analyzer type).

Preparation of 2-(6-bromopyridin-2-yl)-2-(pyridin-2-yl)acetonitrile (11): Based partly on a
published procedure,84 and using 2-pyridylacetonitrile (3 mL, 27.5 mmol), 2,6-dibromopyridine
(6.52g, 27.5 mmol), sodium hydride (991.08 mg, 41.3 mmol) and 10 mL THF, compound 11 is
isolated in 53 % yield.
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Preparation of (6-bromopyridin-2-yl)(pyridin-2-yl)methanone (12): In a 200 mL round
bottom flask, compound 11 (3. 96 g, 14.5 mmol) is dissolved in 20 mL of DMSO followed by
1
stirring at 25 oC for 15 mins. 12 g (72.9 mmol) of potassium carbonate sesquihydrate, K2CO3•2
H2O is completely dissolved in 20 mL of distilled water and slowly added to the flask. Following
24 h of stirring at 60–70 oC open to air, the reaction is cooled to room temperature and poured on
ice. The resulting solution is then partitioned between diethyl ether and distilled water in a
separatory funnel. The aqueous fraction is further extracted twice after which the organic
fractions are combined, washed with brine, dried over anhydrous sodium sulfate and filtered. The
solvent is then removed by rotary evaporation and the product is purified by column
chromatography (Rf = 0.16, hexane: ethyl acetate, 3:1). The known compound 12 is isolated in
38 % yield.85 1H NMR (300 MHz, CDCl3) δ 7.43–7.47 (m, 1 H), 7.60–7.63 (m, 1 H), 7.70 (t, J =
7.53 Hz, 1 H), 7.82–7.88 (m, 1 H), 7.95–7.98 (m, 1 H), 8.07 (d, J = 7.05 Hz, 1 H), 8.66–8.68 (m,
1H). 13C NMR (75 MHz, CDCl3) δ 124.2, 125.3, 126.8, 131.0, 136.9, 138.9, 141.5, 149.1, 153.3,
155.0, 191.1 Low resolution MS (EI): 262 (M+), 234, 155, 128, 106, 78, 51.
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Preparation of [2,2'-bipyridin]-6-yl(pyridin-2-yl)methanone (13): In a 100 mL round bottom
flask, compound 12 (597.7 mg, 2.28 mmol) is dissolved in 10 mL of toluene and stirred for 10
mins

before

adding

2–pyridyltributyltin

(0.73

mL,

2.28

mmol)

and

tetrakis(triphenylphosphine)palladium(0) (131.7 mg , 0.114 mmol). Following 24 h of refluxing,
the reaction is cooled to room temperature and is partitioned between chloroform and distilled
water in a separatory funnel. The aqueous fraction is then subjected to two further extractions
after which the organic fractions are combined, washed with brine, dried over anhydrous sodium
sulfate and filtered. The solvent is then removed by rotary evaporation and the product purified
by column chromatography (Rf = 0.21, hexane: ethyl acetate, 3:1). The known compound 13 is
isolated in 72 % yield.86 1H NMR (500 MHz, CDCl3) δ 7.25–7.27 (m, 1 H), 7.46–7.48 (m, 1 H),
7.69–7.73 (m, 1 H), 7.86– 7.88 (m, 1 H), 7.98 (t, J = 7.70 Hz, 1 H), 8.10 (t, J = 7.75 Hz, 2 H),
8.26 (d, J = 7.90 Hz, 1 H), 8.60–8.64 (m, 2 H), 8.76 (d, J = 4.20 Hz, 1 H). 13C NMR (125 MHz,
CDCl3) δ 124.2, 125.3, 126.8, 131.0, 136.9, 138.9, 141.5, 149.2, 153.4, 155.1, 191.1. Low
resolution MS (EI): 261 (M+), 232, 205, 183, 155, 106, 78.

Preparation of [2,2'-bipyridin]-6-yl(phenyl)(pyridin-2-yl)methanol (14): In a 25 mL round
bottom flask cooled to 0 oC, compound 13 (200.1 mg, 0.767 mmol) is dissolved in 10 mL of
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THF, stirred of 10 mins before slowly adding phenylmagnesium bromide (0.40 mL, 1.15 mmol)
solution. Following 24 h of stirring at room temperature, the reaction is quenched with 1 M HCl
and partitioned between ethyl acetate and distilled water in a separatory funnel. The aqueous
fraction is further extracted twice after which the organic fractions are combined, washed with
brine, dried over anhydrous sodium sulfate and filtered. The solvent is then removed by rotary
evaporation and the product purified by column chromatography (Rf = 0.22, hexane: ethyl
acetate, 1:1). The known compound 14 is isolated in 64 % yield.87 1H NMR (300 MHz, CDCl3) δ
7.11 (s, 1H), 7.20–7.35 (m, 5 H), 7.40 (d, J = 6.87 Hz, 2 H), 7.69–7.80 (m, 2 H), 7.83–7.91 (m, 3
H), 8.29 (d, J = 7.95 Hz, 1 H), 8.38 (d, J = 7.14 Hz, 1H), 8.58 (d, J = 4.62 Hz, 1H), 8.68 (d, J =
4.56 Hz, 1H).

13

C NMR (75 MHz, CDCl3) δ 80.6, 119.5, 121.0, 122.3, 123.2, 123.4, 123.7,

127.3, 127.9, 128.0, 136.3, 136.8, 137.7, 146.3, 147.3, 149.2, 153.6, 155.9, 162.4, 163.2. Low
resolution MS (EI): 339 (M+), 321, 261, 233, 184, 156, 130, 106, 78, 51.

Preparation of bis(6-bromopyridin-2-yl)methanone (16): Based in part on a published
procedure,88 and using 2,6-dibromopyridine (3g, 12.7 mmol), isobutyl chloroformate (0.9 mL,
6.34 mmol), n-butyllithium (6 mL, 13.9 mmol) and 15 mL Et2O, compound 16 is isolated in
58%.
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Preparation of bis(6-bromopyridin-2-yl)(phenyl)methanol (18): In a 25 mL round bottom
flask cooled to 0

o

C, compound 16 (107.7 mg, 0.317 mmol) is dissolved in 10 mL of THF,

stirred of 10 mins before slowly adding phenylmagnesium bromide (0.20 mL, 0.475 mmol)
solution. The reaction is allowed to warm to room temperature. Following 24 h of stirring at 25
o

C, the reaction is quenched with 1 M HCl and is then partitioned between ethyl acetate and

distilled water in a separatory funnel. The aqueous fraction is further extracted twice after which
the organic fractions are combined, washed with brine, dried over anhydrous sodium sulfate and
filtered. The solvent is then removed by rotary evaporation and the product purified by column
chromatography (Rf = 0.22, hexane: ethyl acetate, 3:1). Compound 18 is isolated in 89 % yield
as yellow oil. 1H NMR (300 MHz, CDCl3) δ 6.32 (s, 1 H), 7.29-7.32 (m, 3 H), 7.39-7.44 (m, 3
H), 7.59 (t, J = 7.80 Hz, 3 H), 7.84 (d, J = 7.74 Hz, 2 H).

C NMR (75 MHz, CDCl3) δ 79.7,

13

122.1, 126.8, 127.6, 127.7, 128.2, 139.0, 139.7, 144.8, 163.9 Low resolution MS (EI): 420 (M+),
402, 343, 262, 234, 184, 157, 127, 105, 77, 51. HRMS (EI) calcd for C27H20ON4, 416.1637,
found 416.1648.
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Preparation of di([2,2'-bipyridin]-6-yl)(phenyl)methanol (19): In a 100 mL round bottom
flask, compound 18 (69.7 mg, 0.167 mmol) is dissolved in 10 mL of toluene, stirred for 10 mins
before

adding

2–pyridyltributyltin

(0.2

mL,

0.349

mmol)

and

tetrakis(triphenylphosphine)palladium (0) (35.2 mg, 0.025 mmol). Following 24 h of refluxing,
the reaction is cooled to room temperature and is partitioned between chloroform and distilled
water in a separatory funnel. The aqueous fraction is then subjected to two further extractions
after which the organic fractions are combined, washed with brine, dried over anhydrous sodium
sulfate and filtered. The solvent is then removed by rotary evaporation and the product purified
by column chromatography (Rf = 0.21, hexane: ethyl acetate, 1:1). Compound 19 is isolated in
87 % yield as powder. 1H NMR (300 MHz, CDCl3) δ 7.20 (s, 1 H), 7.26–7.35 (m, 5 H), 7.41–
7.45 (m, 1 H), 7.76–7.82 (m, 2 H), 7.88 (s, 1 H), 7.90–7.92 (m, 2 H), 8.30 (d, J = 8.88 Hz, 2 H),
8.36 (s, 1 H), 8.39 (s, 1 H), 8.67 – 8.69 (m, 1H).13C NMR (75 MHz, CDCl3) δ 80.6, 119.5, 121.0,
123.5, 123.7, 127.3, 127.9, 128.0, 136.9, 137.4, 146.3, 149.1, 153.5, 155.8, 162.4. Low
resolution MS (EI): 416 (M+), 398, 339, 261, 233, 208, 155, 78. HRMS (EI) calcd for C17H12ON2
Br2, 417.9317, found 417.9334.
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Preparation of 6-([1,1'-biphenyl]-4-yl(pyridin-2-yl)methyl)-2,2'-bipyridine (21): Method 1.
In a pressure tube at 25 oC , compound 14 (63.4 mg, 0.187 mmol) is dissolved in benzene (1 mL,
11.2 mmol), stirred for 5 mins before adding triflic acid (1 mL, 11 mmol) slowly and the tube is
then tightly closed. Following 24 h of stirring at 60–70 oC, the reaction is cooled to room
temperature, poured on about 10 g of ice and then neutralized with 10 M NaOH solution. The
resulting aqueous solution is then partitioned between chloroform and distilled water in a
separatory funnel. The aqueous fraction is subjected to two further extractions after which the
organic fractions are combined, washed with brine, dried over anhydrous sodium sulfate and
filtered. NOTE: A mixture of compounds 21 and 22 is observed by NMR analysis of the crude
product mixture. These products are inseparable by column chromatography.
Method 2. In a pressure tube at 25 oC, compound 14 (61.7 mg, 0.182 mmol) is dissolved in
benzene (1 mL, 11.2 mmol), stirred for 5 mins before slowly adding antimony pentafluoride,
SbF5 (ca. 50 mg, 0.231 mmol) and triflic acid (1 mL, 11 mmol). The pressure tube is then tightly
closed. Following 24 h of stirring at 60–70 oC, the reaction is cooled to room temperature,
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poured on about 10 g of ice and then neutralized with 10 M NaOH solution. The resulting
aqueous solution is then partitioned between chloroform and distilled water in a separatory
funnel. The aqueous fraction is subjected to two further extractions after which the organic
fractions are combined, washed with brine, dried over anhydrous sodium sulfate and filtered. The
solvent is removed by rotary evaporation and the product purified by column chromatography
(Rf = 0.31, hexane: ethyl acetate, 1:1). Compound 21 is isolated in 67 % yield as brown oil. 1H
NMR (300 MHz, CDCl3) δ 5.99 (s, 1 H), 7.13-7.20 (m, 2 H), 7.37 (d, J = 2.40 Hz, 1 H), 7.39, (d,
J = 1.35 Hz, 1 H), 7.45 (s, 2 H), 7.47 (d, J = 2.10 Hz, 2 H), 7.50-7.56 (m, 2 H), 7.60 (d, J = 2.01
Hz, 1 H), 7.74-7.84 (m, 2 H), 8.20-8.25 (m, 2 H), 8.36 (t, J = 8.91 Hz, 2 H), 8.63-8.65 (m, 1 H),
8.67-8.69 (m, 1 H). 13C NMR (75 MHz, CDCl3) δ 61.5, 118.8, 121.3, 121.6, 123.6, 124.1, 124.2,
127.2, 128.7, 129.8, 136.4, 136.8, 137.5, 139.6, 140.9, 141.1, 149.0, 149.3, 155.5, 156.4, 161.0,
162.4. HRMS (EI), calcd for C28H20N3 (M-1), 398.1657, found 398.1646

Preparation of 10-([2,2'-bipyridin]-6-yl)pyrido[1,2-a]indole (22): In a pressure tube at 25 oC,
compound 14 (48.5 mg, 0.143 mmol) is dissolved in triflic acid (1 mL, 11 mmol) and the tube is
then tightly closed. Following 24 h of stirring at 60–70 oC, the reaction is cooled to room
temperature, poured on about 10 g of ice and then neutralized with 10 M NaOH solution. The
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resulting aqueous solution is then partitioned between chloroform and distilled water in a
separatory funnel. The aqueous fraction is subjected to two further extractions after which the
organic fractions are combined, washed with brine, dried over anhydrous sodium sulfate and
filtered. The solvent is then removed by rotary evaporation and the product purified by column
chromatography (Rf = 0.27, hexane: ethyl acetate, 1:1). Compound 22 is isolated in 79 % yield
as brown oil. 1H NMR (300 MHz, CDCl3) δ 6.31 (d, J = 8061 Hz, 1 H), 6.48 (d, J = 6.27 Hz, 1
H), 6.85 (t, J = 7.77 Hz, 1 H), 7.00–7.07 (m, 2 H), 7.25 (t, J = 7.41 Hz, 1 H), 7.39–7.43 (m, 1
H), 7.50 (d, J = 7.65 Hz, 1 H), 7.70 (s, 2 H), 7.81 (t, J = 7.59 Hz, 1 H), 8.15 (d, J = 8.19 Hz, 1
H), 8.28, (d, J = 9.15 Hz, 1 H), 8.69 (d, J = 3.57 Hz, 1 H), 8.75 (d, J = 2.70 Hz, 1 H).13C NMR
(75MHz, CDCl3) δ 106.3, 112.8, 114.8, 119.46, 119.49, 119.7, 119.9, 123.2, 123.3, 123.6, 124.3,
124.4, 128.3, 130.3, 136.3, 136.8, 137.4, 138.8, 149.8, 150.2, 154.8, 155.2. HRMS (EI), calcd for
C22H15N3, calcd 321.1266, found 321.1264.

Preparation of 6,6''-([1,1'-biphenyl]-4-ylmethylene)di-2,2'-bipyridine, (23): Method 1. In a
pressure tube at 25 oC, compound 19 (201.4 mg, 0.484 mmol) is dissolved in benzene (1 mL,
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11.2 mmol), stirred for 5 mins before slowly adding triflic acid (1 mL, 11 mmol) and the tube is
then tightly closed. Following 24 h of stirring at 60–70 oC, the reaction is cooled to room
temperature, poured on about 10 g of ice and then neutralized with 10 M NaOH solution. The
resulting aqueous solution is then partitioned between chloroform and distilled water in a
separatory funnel. The aqueous fraction is subjected to two further extractions after which the
organic fractions are combined, washed with brine, dried over anhydrous sodium sulfate and
filtered. The solvent is removed by rotary evaporation and the product purified by column
chromatography. NOTE: A mixture of compounds 23 and 24 is observed by NMR analysis of
the crude product mixture. These products are inseparable by column chromatography.
Method 2. In a pressure tube at 25 oC, compound 19 (88.85 mg, 0.214 mmol) is dissolved in
benzene (1 mL, 11.2 mmol), stirred for 5 mins before slowly adding antimony pentafluoride,
SbF5 (ca. 50 mg, 0.231 mmol) and triflic acid (1 mL, 11 mmol). The pressure tube is then tightly
closed. Following 24 h of stirring at 60–70 oC, the reaction is cooled to room temperature,
poured on about 10 g of ice and then neutralized with 10 M NaOH solution. The resulting
aqueous solution is then partitioned between chloroform and distilled water in a separatory
funnel. The aqueous fraction is subjected to two further extractions after which the organic
fractions are combined, washed with brine, dried over anhydrous sodium sulfate and filtered. The
solvent is removed by rotary evaporation and the product purified by column chromatography.
Chromatography is done with hexanes:ether (1:1), however only a small amount of pure 23
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(Rf = 0.17) is obtained (ca. 0.005 g), as compound 23 is extremely difficult to separate from
product 24. Compound 23, 1H NMR (300 MHz, CDCl3) δ 6.05 (s, 1 H), 7.29-7.36 (m, 4 H),
7.40-7.55 (m, 5 H), 7.55-7.65 (m, 4 H), 7.75-7.84 (m, 4 H), 8.31-8.39 (m, 4 H).8.69 (d, J = 0.6
Hz, 2 H).

13

C NMR (75 MHz, CDCl3) δ 6.5, 118.8, 123.6, 124.4, 127.0, 127.0, 127.2, 128.7,

129.8, 137.0, 137.3, 139.5, 140.9, 141.3, 148.8, 155.1, 156.3, 161.4. HRMS (TOF MS, ES+)
calcd for C33H25N4, 477.2079, found 477.2073.

Preparation of 10-([2,2'-bipyridin]-6-yl)-6-(pyridin-2-yl)pyrido[1,2-a]indole, (24): In a
pressure tube at 25 oC, compound 19 (200.07 mg, 0.481 mmol) is dissolved in triflic acid (1 mL,
11 mmol) and the tube is then tightly closed. Following 24 h of stirring at 60–70 oC, the reaction
is cooled to room temperature, poured on about 10 g of ice and then neutralized with 10 M
NaOH solution. The resulting aqueous solution is then partitioned between chloroform and
distilled water in a separatory funnel. The aqueous fraction is subjected to two further extractions
after which the organic fractions are combined, washed with brine, dried over anhydrous sodium
sulfate and filtered. The solvent is removed by rotary evaporation and the product purified by
column chromatography (Rf = 0.46, hexane: ethyl acetate, 1:1). Compound 24 is isolated in 82 %
yield as solid, m. pt 173–175 o C. 1H NMR (500 MHz, CDCl3) δ 6.46 (d, J = 8.65 Hz, 1 H), 6.60
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(d, J = 6.25 Hz, 1 H), 7.00 (t, J = 7.85 Hz, 1 H), 7.15–7.18 (m, 1 H), 7.32–7.35 (m, 1 H), 7.40 (t,
J = 7.5 Hz, 1 H), 7.48–7.51 (m, 1 H), 7.59 (d, J = 7.65 Hz, 1 H), 7.85–7.91 (m, 3 H), 7.95 (t, J =
7.75 Hz, 1 H), 8.38 (t, J = 8.40 Hz, 2 H), 8.49 (d, J = 9.15 Hz, 1 H), 8.67 (d, J = 7.85 Hz, 1 H),
8.76 (d, J = 4.10 Hz, 1 H), 8.86 (d, J = 4.15 Hz, 1 H).

C NMR (125 MHz, CDCl3) δ 106.5,

13

112.9, 114.9, 117.0, 119.4, 119.7, 120.0, 121.1, 123.3, 123.4, 123.6, 123.7, 124.3, 124.4, 128.4,
130.5, 136.9, 137.0, 137.3, 137.4, 139.0, 149.1, 150.2, 154.5, 154.7, 155.8, 156.8. HRMS (EI)
calcd for C27H18N4, 398.1531, found 398.1513.

Preparation of 6,6''-(fluoro(phenyl)methylene)di-2,2'-bipyridine, (34): In a 50 mL round
bottom flask cooled to -78 oC, Deoxo-fluor (1 mL, 5.4 mmol) is dissolved in 2 mL DCM, stirred
of 5 mins before slowly adding di([2,2'-bipyridin]-6-yl)(phenyl)methanol, 19 (23.5 mg, 0.06
mmol) in 3 mL DCM. The reaction is stirred at this temperature for 2 h before allowing it to
warm to room temperature and stirred overnight. After this time, the reaction mixture is poured
onto 10 mL saturated sodium bicarbonate solution and stirred until the evolution of carbon
dioxide ceases. The aqueous fraction is further extracted twice with DCM after which the
organic fractions are combined, washed with brine, dried over anhydrous sodium sulfate and
filtered. The solvent is then removed by rotary evaporation and the product purified by column
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chromatography (Rf = 0.33, hexane: ethyl acetate, 3:1). Compound 34 is isolated in 93 % yield as
oil. 1H NMR (300 MHz, CDCl3) δ 7.22-7.28 (m, 1 H), 7.36-7.43 (M, 2 H), 7.63-7.71 (m, 3 H),
7.88 (t, J = 7.83 Hz, 1 H), 8.13 (d, J = 7.98 Hz, 1 H), 8.39 (d, J = 7.80 Hz, 1 H), 8.63-8.65 (m, 1
H).13C NMR (75 MHz, CDCl3) δ 100.2 (J = 176.0 Hz, C-F coupling), 119.7 (J = 1.10 Hz, C-F
coupling), 121.3, 122.0 (J = 6.39 Hz, C-F coupling), 123.7, 127.3, 127.4, 127.6, 127.9 (J = 1.50
Hz, C-F coupling), 137.1 (J = 37.3 Hz, C-F coupling) , 141.4 (J = 22.6 Hz, C-F coupling), 148.9,
154.5, 156.0 160.2 (J = 26.1 Hz, C-F coupling). Low resolution MS (EI): 399 (M-19), 322, 244,
200, 167, 159, 78. HRMS (TOF MS, ES+) calcd for C27H20FN4, 419.1672, found 419.1665.

Preparation of [2,2'-bipyridine]-6,6'-diylbis(pyridin-2-ylmethanone) (41): Based on a
published procedure,89 and using compound 12 ( 113.2 mg, 0.434 mmol), nickel (II) chloride
hexahydrate (18 mg, 0.066 mmol), lithium chloride (21.8 mg, 0.514 mmol), zinc (32.7 mg,
0.518 mmol), 5 mL DMF, compound 41 is isolated in 82 % yield. (Rf = 0.33, hexane: ethyl
acetate, 1:5).1H NMR (300 MHz, CDCl3) δ 7.45 (q, J = 2.70 Hz, 1 H), 7.71–7.82 (m, 2 H), 8.10
(d, J = 7.50 Hz, 1 H), 8.46 (d, J = 8.10 Hz, 1 H), 8.81 (s, 1 H), 9.37 (s, 1 H). 13C NMR (75 MHz,
CDCl3) δ 123.2, 123.5, 131.6, 138.3, 139.5, 140.8, 152.2, 153.2, 154.5, 190.1.
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Preparation of [2,2'-bipyridine]-6,6'-diylbis(phenyl(pyridin-2-yl)methanol) (42): In a 50 mL
round bottom flask cooled to 0 oC, compound 41 (55.2 mg, 0.15 mmol) is dissolved in 10 mL
THF, stirred of 5 mins before slowly adding phenylmagnesium bromide (1.5 mL, 0.375 mmol).
The reaction is then allowed to warm to room temperature and stirred overnight. After this time,
the reaction is quenched with 1 M HCl and is then partitioned between ethyl acetate and distilled
water in a separatory funnel. The aqueous fraction is further extracted twice after which the
organic fractions are combined, washed with brine, dried over anhydrous sodium sulfate and
filtered. The solvent is then removed by rotary evaporation and the product purified by column
chromatography (Rf = 0.24, hexane: ethyl acetate, 3:1). Compound 42 is isolated in 66 % yield
as oil. 1H NMR (500 MHz, CDCl3) δ 7.24-7.35 (m, 9 H), 7.37-7.40 (m, 2 H), 7.57 (t, J = 8.0 Hz,
1 H), 7.71-7.76 (m, 1 H), 7.83-7.88 (m, 2H), 8.54 (d, J = 4.50 Hz, 1 H).

13

C NMR (125 MHz,

CDCl3) δ 80.0, 121.6, 122.6, 123.6, 126.5, 127.5, 127.6, 127.8, 128.1, 128.2, 128.3, 128.5, 136.8,
138.8, 139.9, 145.5, 146.9, 162.0, 164.9.
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Preparation of 6,6'-bis([1,1'-biphenyl]-4-yl(pyridin-2-yl)methyl)-2,2'-bipyridine (43): In a
pressure tube at 25 oC, compound 42 (52.2 mg, 0.10 mmol) is dissolved in benzene (1 mL, 11.2
mmol), stirred for 5 mins before slowly adding triflic acid (1 mL, 11 mmol) and the tube is then
tightly closed. Following 24 h of stirring at 60–70 oC, the reaction is cooled to room temperature,
poured on about 10 g of ice and then neutralized with 10 M NaOH solution. The resulting
aqueous solution is then partitioned between chloroform and distilled water in a separatory
funnel. The aqueous fraction is subjected to two further extractions after which the organic
fractions are combined, washed with brine, dried over anhydrous sodium sulfate and filtered. The
solvent is removed by rotary evaporation and the product purified by column chromatography
(Rf = 0.21, hexane: ethyl acetate, 1:1). Compound 43 is isolated in 52 % yield as oil. 1H NMR
(500 MHz, CDCl3) δ 5.84 (s, 1 H), 7.18-7.21 (m, 2 H), 7.36 (q, J = 7.0 Hz, 7 H), 7.43-7.53 (m, 6
H), 7.56-7.60 (m, 6 H), 7.66-7.69 (m, 2 H), 8.63 (d, J = 3.5 Hz, 1 H). 13C NMR (125 MHz,
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CDCl3) δ 60.9, 121.8, 123.1, 124.2, 126.1, 126.9, 127.1, 127.2, 127.27, 127.32, 128.6, 128.7,
128.8, 129.2, 129.6, 129.8, 136.7, 138.7, 139.8, 140.3, 140.7, 141.4, 149.4, 161.2, 163.4.
Preparation of cyclization product, 44: In a pressure tube at 25 oC, compound 42 (200.07 mg,
0.481 mmol) is dissolved in triflic acid (1 mL, 11 mmol) and the tube is then tightly closed.
Following 24 h of stirring at 60–70 oC, the reaction is cooled to room temperature, poured on
about 10 g of ice and then neutralized with 10 M NaOH solution. The resulting aqueous solution
is then partitioned between chloroform and distilled water in a separatory funnel. The aqueous
fraction is subjected to two further extractions after which the organic fractions are combined,
washed with brine, dried over anhydrous sodium sulfate and filtered. The solvent is removed by
rotary evaporation and the product purified by column chromatography (Rf = 0.30, hexane: ethyl
acetate, 1:1). Product 44 is isolated in 45 % yield as brown oil. 1H NMR (300 MHz, CDCl3) δ
6.70-7.00 (m, 2 H), 7.23 (t, J = 6.6 Hz, 2 H), 7.32-7.41 (m, 2 H), 7.49-7.62 (m, 2 H), 7.79-7.95
(m, 3 H), 8.16-8.36 (m, 3 H), 8.81-8.95 (m, 1 H), 9.17 (d, J = 9.0 Hz, 1 H). 13C NMR (75 MHz,
CDCl3) δ 111.4, 116.1, 116.3, 116.8, 117.4, 118.0, 119.1, 120.3, 120.4, 120.8, 123.7, 123.8,
124.3, 128.3, 129.0, 129.1, 132.0, 137.0, 138.2, 149.2, 154.0.

CHAPTER 4
CHARGE-CHARGE REPULSIVE EFFECTS ON 4n AND 4n+2π-SYSTEMS

4.1 Introduction
A wide range of cationic pericyclic reactions have been extensively studied and reported
in the literature over the past decade.90 This includes but not limited to the Nazarov reaction, the
Cope/aza-Cope rearrangements and ene cyclizations. Some of these pericyclic reactions are
noted to have dramatically accelerated reaction rates when cationic charge centers are involved
in this reactions.90,91
Recently, a superacid-promoted Nazarov reaction was reported by Shudo and co-workers. Both
kinetic studies and theoretical calculations suggested the involvement of a dicationic
superelectrophilic intermediate 4 (Scheme 4.1).92 Delocalization of π-electrons in 4 is the key
factor in this pericyclic reaction. This delocalization is proposed to occur through charge-charge
repulsion. The barrier to cyclization was estimated to be about 6 kcal/mol lower for the
dicationic intermediate 4 compared to the monocationic intermediate 5.
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Scheme 4.1: Shudo et al 4π-electrocyclization reaction.

Various studies of stable ions have demonstrated that charge-charge repulsion may
enhance π-electron delocalization in both 4n and 4n+2 π-system. For example, Mills et al studied
the monocationic 6 and dicationic 7 fluorenyl ions by NMR technique (Scheme 4.2).93 They
observed an increase in the degree of anti-aromaticity in the dication 9 compared to the
monocation 6 as the fluorenyl ring protons are significantly shifted upfield in 10.
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Scheme 4.2: 1H NMR data for monocations (6, 7, 8) and dications (9, 10, 11). aReference
93a; bReference 94; cThis work; dReference 95.

Using stable ion techniques, Stang also studied 4n+2π-systems using the monocationic 7
and dicationic 10 tropylium ions.94 They observed that the 1H NMR signals for the mono- and
dication in the range of δ, 8.40-9.06 and δ, 8.98-9.58, respectively. Thus, the dication showed a
more deshielded ethendiyl proton compared to the monocation. A similar observation was made
from the dibenzosuberenyl (8) and bis(dibenzosuberenyl) (11) cations. This system also shows a
significant downfield shift for the ethenediyl protons in 11 compared to 8.95 These results may be
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explained as a consequence of charge-charge repulsion in these dicationic 4n+2π-systems (10
and 11). Charges tend to separate leading to an increased aromatic character in the system
(Scheme 4.3).

Scheme 4.3: Resonance structures for monocation 7 and dication 10.
The effect of charge-charge repulsion on these a 4n and 4n+2 π-electron systems is
clearly demonstrated but the comparisons are problematic. For example, the monocation 6 was
compared with the dication 9. These cations (6 and 9) have two different substituents (phenyl
group in 6 and fluorenyl cation in 9) possessing different steric effects and preferred dihedral
angles potentially influencing the fluorenyl system differently. These differences could influence
the NMR spectra observed for these ions, therefore making it difficult to gauge the impact of
charge-charge repulsion within the dicationic structures.
Klumpp and co-workers reported the use of protonated N-heterocycles for the
construction of highly-charged cationic system and these ions were also studied by low-
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temperature NMR technique.60 Using this method, a series of isoelectronic (and isosteric) mono-,
di- and tricationic N-heterocycle-substituted fluorenyl and dibenzosuberenyl cations were
generated with stable ion conditions (superacid media at low temperature). These cations were
then studied using low-temperature NMR technique and computational methods. The results
obtained from the analyses are interpreted in terms of charge-charge repulsive effects in the
fluorenyl (4n π-electron) and dibenzosuberenyl (4n+2 π-electron) systems.

4.2 Results and Discussion
From the work of Mills and Stang, it can be inferred that the fluorenyl and dibenzosuberenyl
cationic systems are very sensitive to neighboring-group effects.93,95 Olah previous reported the
phenyl-substituted fluorenyl cation 12a and dibenzosuberenyl cation 13a.96,97 These ions are
compared with the more highly-charged cations, 12b-d and 13b-c generated in this study.

It was envisaged that the fluorenyl and dibenzosuberenyl cations culd be accessed via
two routes: (1) cyclization of the biphenyl aryl ketone 14 followed by dehydration in the

111

superacid media will provide the fluorenyl cation and (2) direct ionization of the respective
fluorenyl or dibenzosuberenyl alcohols will also afford the respective fluorenyl or
dibenzosuberenyl cations. The biphenyl aryl ketone precursors were synthesized by reacting
[1,1'-biphenyl]-2-ylmagnesium bromide (prepared in situ from the reaction of 2-bromobiphenyl
with magnesium) with the respective N-heterocylic nitrile followed by acid hydrolysis to afford
the respective ketone. All the biphenyl aryl ketones were synthesized in good yields (Scheme
4.4).

Scheme 4.4: Synthesis of biphenyl aryl ketones.
The diketone, pyridine-2,6-diylbis([1,1'-biphenyl]-2-ylmethanone) 15 was also synthesized using
a similar approach as described above (eq. 2).
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The fluorenols 16a-b and dibenzosuberenols 17a-c were prepared from the reaction of
the aryllithium (prepared in situ from the reaction of aryl bromide or iodide with n-butyllithium
or t-butyllithium, details in experimental section) with 9-fluorenone or dibenzosuberenone
(Scheme 4.5).

Scheme 4.5: Preparation of fluorenyl and dibenzosuberenyl alcohols.

113

All attempts at preparing derivative 17d (Scheme 4.6) from the reaction of pyrimidin-2yllithium with dibenzosuberenone were unsuccessful. This was attributed to the unreactive
nature of 2-bromopyrimidine with n-butyllithium. A different approach towards the synthesis of
adduct 17d was therefore pursued.

Scheme 4.6: Attempts towards the synthesis of 17d.

It was envisioned that olefin metathesis might be useful for the construction of the
dibenzosuberenyl core of 17d. Thus, (2-vinylphenyl)magnesium bromide (prepared in situ from
the reaction of 2-bromostyrene with magnesium, details in experimental section) was reacted
with methyl pyrimidine-2-carboxylate to afford pyrimidin-2-ylbis(2-vinylphenyl)methanol 18
(Scheme 4.7). Unfortunately, all combinations of reagents, solvents and reaction conditions
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proved to be unsuccessfully. Literature searches revealed that few examples are known of olefin
metathesis with N-heterocycle.96 In an effort to promote reaction, para-toluenesulfonic acid (pTsOH) was added to the reaction mixture as protonated ring nitrogens would not be able to
chelate to the Grubb’s catalyst. However, no metathesis occurred and substrate 18 was
recovered.

Scheme 4.7: Olefin metathesis approach towards the synthesis of substrate 17d.
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With the substrates in hand, we then sought to prepare the ionized transition species. The
biphenyl aryl ketone 14b and fluorenol 16b can be ionized cleanly in FSO3H-SbF5-SO2ClF
solution to provide access to the fluorenyl dication 15b (Scheme 4.8). In the superacid media,
ketone 14b generates a highly reactive, dicationic carboxonium ion 19 that can rapidly cyclize
followed by loss of water.
The water lost is immediately protonated in the excess superacid media – a good driving
force to provide the fluorenyl ring system. Ionization of 14b in the superacid media gives a
brilliant sapphire blue colored solution. A similar color was also observed during the ionization
of 16b. In the case of fluorenol 16b, ionization will produce the dicationic carboxonium ion 20
that loses water to afford the fluorenyl ring system.

Scheme 4.8: Magic acid ionization of biphenyl aryl ketone 17b and fluorenol 19b.
Low-temperature NMR analysis of these solutions give 1H and 13C NMR spectra that are
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consistent with the fluorenyl dication 12b (Figure 4.1a and 4.1b; Table 4.1).97 Comparing these
spectra with that from the monocation 12a showed significant differences.98,99 The fluorenyl
proton signals for 12a were in the range δ 7.25–7.65 while that observed for 12b are in the range
δ 5.41–6.08. This is a significant upfield shift for 12b protons. A similar trend was also observed
for the carbocation 13C signals. In dication 12b, the carbocation resonance was observed at δ 190
while monocation 12a show a carbocation resonance at δ 224.97
All twelve 13C signals expected for the fluorenyl dication 12b were also observed (Figure
4.1b).

Figure 4.1a: 1H NMR spectrum of pyridine-based fluorenyl dication 12b using d6 acetone
as external standard. Peaks at approximately δ 9.00 and 10.00 are from the hydronium ion
and excess acid respectively.
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Figure 4.1b: 13C NMR spectrum of pyridine-based fluorenyl dication 12b using d6 acetone
as external standard. Peaks at approximately δ 30.00 and 210.00 are from the d6-acetone
external standard used.
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Table 4.1: NMR spectral data of fluorenyl cations 12a→12d and 21.a,b

a

Spectral data obtained from FSO3H-SbF5-SO2ClF solution at -40oC. bData for 12a taken from
reference 93.
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Three tricationic fluorenyl cations – 12c (Figure 4.2a and 4.2b; Appendix C),97 12d
(Figure 4.3a and 4.3b; Appendix C),97 and 21 (Figure 4.4a and 4.4b; Appendix C) – were also
generated. Ionization of substrate 14c gives the pyrazine-based trication system 12c (Figure 4.2a
and 4.2b). The fluorenyl proton signals are found in the range of δ 4.86-5.69 (an upfield shift in
comparison with both 12a and 12b fluorenyl proton signals) and the 13C resonance at δ 177 (an
upfield shift in comparison with both 12a and 12b fluorenyl

13

C resonance). The 2-pyrimidine-

based system 12d and the bis(fluorenyl cation) system 21 also exhibited strong shielding of the
fluorenyl ring proton signals with 12d showing the strongest shielding effect among the ions
studied. The proton signals of the tricationic fluorenyl ring in 12d are observed at δ 4.68-5.60.
The

13

C resonance of 12d is located at δ 169.8, an upfield shift in comparison with the other

fluorenyl cations (12a, 12b, 12c and 21). In the case of trication 21,

13

C resonance of the

bis(fluorenyl cation) is located at δ 187.2. This is an upfield shift in comparison with the monoand dicationic fluorenyl ions 12a and 12b but a downfield shift in comparison with the other two
tricationic fluorenyl ions, 12c and 12d. The fluorenyl cationic systems were found to be
extremely unstable – decomposing quickly at temperatures above - 40 oC. Comparison of the
NMR spectra of the dicationic fluorenyl ion 12b with the bis(fluorenyl cation) 21 shows striking
similarities. This is a clear indication that charge density (or even the size of the ion) may be an
important factor in the chemistry of multiply charged ions. It can be inferred from the above
discussions that the fluorenyl cationic systems exhibit a consistent trend: the more highly and
densely charged an ion is, the greater the downfield shift in its proton signals and the higher the
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upfield shift observed in the carbocation 13C resonance peak.
The dibenzosuberenols (17a, 17b and 17c) were also ionized using similar NMR
techniques (Table 4.2). These ionizations cleanly provide the corresponding dibenzosuberenyl
cations. Ionization of the phenyl-based alcohol 17a gave the monocationic species 13a (Figure
4.5a and 4.5b; Appendix C, Table 4.2) while the pyridine-based alcohol 17b and pyrazine-based
alcohol 17c gave the dicationic 13b (Figure 4.6a and 4.6b; Appendix C, Table 4.2)97

and

tricationic 13c (Figure 4.7a and 4.7b; Appendix C, Table 4.2)97 species respectively.
Table 4.2: NMR spectral data of dibenzsuberenyl cations 13a→13c.a

a

Spectral data obtained from FSO3H-SbF5-SO2ClF solution at -40oC with d6-acetone as external
standard.
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The

13

C NMR spectrum of the dibenzosuberenyl monocationic species 13a showed a

downfield signal at δ 181.9 which is attributed to the carbocation center of species 13a. This is in
agreement with the observation made by Olah and Liang where the carbocation center of 13a
was observed at δ 183.7 from FSO3H ionization.98,99 In the case of the pyridine-based
dibenzosuberenol 17b, ionization provided the dicationic carboxonium ion 22 which loses water
to afford the dicationic dibenzosuberenyl cation 13b (eq. 3).

The pyridine-based dicationic species 13b and pyrazine-based tricationic species 13c
showed carbocationic

13

C resonance at 159.8 and 152.2 respectively. Comparing the 1H

ethenediyl signal of the mono-, di- and tricationic dibenzosuberenyl species showed a gradual
downfield shift. In the phenyl-based monocationic species, the ethenediyl signal is observed at δ
8.15, at δ 8.62 for the dicationic species and at δ 8.75 for the pyrazine-based tricationic species.
In these dibenzosuberenyl cationic series, it is clear that increasing the cationic charge leads to a
gradual increase in downfield shifts of the ethenediyl proton signals and gradual decrease in
upfield shifts in the 13C carbocationic signal.
In both the fluorenyl and dibenzosuberenyl cations, it is very clear that increasing the
positive charge results in significant changes in the 1H and 13C NMR spectra.
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These changes are caused by increasing paramagnetic and diamagnetic ring current in the
respective cationic systems. The analysis made in the fluorenyl cations are consistent with that
reported by Mills et al.93 Thus, increasing the charge on the substituent group attached directly to
the fluorenyl core results in a greater degree of charge delocalization in the fluorenyl cationic
system (eq. 4). The charge delocalization is driven by charge-charge repulsive effects. This is
apparent by spectral changes consistent with paramagnetic ring current of this 12π-electron
system. These spectral changes are most notable in the 1H NMR spectra of the fluorenyl ring
protons.

In the dibenzosuberenyl cationic series, a similar trend in charge delocalization is
observed. Increasing the charge on the substituent attached directly to the dibenzosuberenyl core
leads to an increase in the diamagnetic ring current (observed in the 1H and

13

C NMR spectra)

since the dibenzosuberenyl system is a 4n+2π-electron system. Also, a similar delocalized
resonance structure can be inferred for the dibenzosuberenyl system as well (eq. 5).
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When the dibenzosuberenols 17a, 17b and 17c were reacted with benzene in the
CF3SO3H-promoted reaction, no traces of product formation was observed from GCMS and
NMR analysis for any of these reactions (Scheme 4.9). The starting alcohols were fully
recovered. The lack of reaction, especially with 17b and 17c, were surprising since the key
intermediates in these two reactions are di- (13a) and tricationic (13b) superelectrophiles
respectively which are known to be highly reactive species. The lack of reaction may be due to
the stable and unreactive nature of these dibenzosuberenols.
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Scheme 4.9: Triflic acid promoted reaction of dibenzosuberenols 17a, 17b and 17c.

In order to study a fluorenyl tetracationic system, a synthetic route for the construction of
the appropriate precursor was pursued. To achieve this goal, it was envisaged that using a 1,3,5triazine-based substituent will afford such a substrate that can be ionized in the superacid media
to generate the fluorenyl tetracationic system, 26.
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The first attempt made towards the synthesis of this 1,3,5-triazine-based fluorenol, 27
was to react 9-fluorenone with cyanuric chloride in the presence of magnesium and catalytic
amounts of both aluminum chloride and copper (1) chloride (eq. 6). This synthetic route was
based in part on the work of Zhang and co-workers.100 They reacted alkyl halides with carbonyl
groups in the presence of magnesium, aluminum chloride and copper (1) chloride in the Barbier–
Grignard–type arylation of ketones.100 The reaction resulted in a complex mixture, not product
28, that was extremely difficult to analyze via TLC, GCMS and NMR. A different method to
afford a triazine substrate was therefore pursued.

Based in part on a published procedure,101 fluorene is reacted with 2-chloro-4,6dimethoxy-1,3,5-triazine in the presence of a base to afford substrate 29 (eq. 7).
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This substrate (29) contains a methine proton and several attempts were made to oxidize
the fluorene to the desired fluorenol – a substrate that be easily ionized to generate the fluorenyl
tetracation. This proton is acidic and can be abstracted with an appropriate base to generate a
carbanion. Equations 8 and 9 show the first two reactions that were carried out in this respect.

As shown in eq. 8 (based partly on a published procedure102), a strong base, t-BuLi in the
presence of a chelating agent, TMEDA is used in an attempt to form a reactive fluorenyl
carbanion that can then be brominated with N-bromosuccinimide, NBS. Again, formation of the
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expected product 30 did not occur and the starting material 29 was recovered. A radical
generation approach was used (based partly on a published procedure103) but this did not give
product 30. Using Cao’s approach101 for bromination, substrate 29 gives product 30 in 34 %
isolated yield (eq. 10). Initial efforts to substitute the bromide in 30 using Bauman’s
hydroxylation method104 did not work and starting material was recovered (eq. 10).

In order to study the effects of increasing cationic charge, substrates 33 and 34 were
synthesized (Scheme 4.10).

Scheme 4.10: Preparation of 5H-indeno[1,2-b]pyridinyl substrates 33 and 34.
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It is envisaged that ionization of substrates 33 and 34 in superacid solution should afford
the 5H-indeno[1,2-b]pyridinyl core, such as dication 35 and trication 36 respectively (eq. 11 and
eq. 12).

4.3 Conclusions
It is shown from this work that increasing charge on a heterocyclic substituent on a
fluorenyl and dibenzosuberenyl systems enhances π-electron delocalization. Observations
corroborating this charge-induced π-electron delocalization include the greater paramagnetic and
diamagnetic ring current effects in the fluorenyl and dibenzosuberenyl cationic systems
respectively. This evidence is supported by low-temperature NMR studies. It can also be inferred
from this study that (1) there is an extensive delocalization of π-electrons in highly-charged
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organic ions, (2) 4n and 4n+2 π-electron pericyclic reactions may be facilitated by dense charges
and (3) charge-charge repulsive effects can be applied as a useful tool in the design and
manipulation of the electronic and magnetic states of organic materials.

4.4 Experimental
General; All reactions were performed using oven–dried glassware under an Argon
atmosphere. Trifluoromethanesulfonic acid (triflic acid) was freshly distilled prior to use. All
commercially available compounds and solvents were used as received. 1H and

13

C NMR were

done using either 300 MHz or 500 MHz spectrometer; chemical shifts were made in reference to
NMR solvent signals. Low–resolution mass spectra were obtained from a gas chromatography
instrument equipped with a mass–selective detector, whereas high–resolution mass spectra were
obtained from a commercial analytical laboratory (electron impact ionization; sector instrument
analyzer type).
Preparation of Biphenyl Magnesium Bromide General Method A.
In a 50 mL round bottom flask containing 10 mL of tetrahydrofuran, THF is added
magnesium turnings (72 mg, 3.0 mmol) and a catalytic amount of iodine. The flask is then
placed in an oil bath preheated to 60–65 oC and stirred for 1 minute before adding 2bromobiphenyl (0.52 mL, 3.0 mmol). After stirring at this temperature for 3–4 h, the mixture is
allowed to cool to room temperature and the Grignard formed is used directly in General Method
B.
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Grignard Reaction with N-heterocyclic Nitrile, General Method B.
The biphenylmagnesium bromide solution from General Method A is cooled to 0 oC and
a solution of 2.0 mmol of the nitrile in 5 mL of THF is added slowly. The solution is then
allowed to warm to room temperature and stirred for an additional 12–13 h. After this time, the
reaction is hydrolyzed with 6.0 M HCl and stirred for 2 h. The aqueous layer is made basic (ca.
pH 8) by addition of 10 M NaOH and the solution is partitioned between chloroform and
distilled water. The aqueous fraction is further extracted twice after which the organic fractions
are combined, washed with brine and dried over anhydrous sodium sulfate. The solvent is
removed by rotary evaporation and the product purified by column chromatography.

Preparation of [1,1'-biphenyl]-2-yl(pyridin-2-yl)methanone (17b). Using general method A
and B, the known compound 17b is isolated in 80 % yield.105
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Preparation of [1,1'-biphenyl]-2-yl(pyrazin-2-yl)methanone (17c). Using general method A
and B, the known compound 17c is isolated in 82 % yield.105

Preparation of [1,1'-biphenyl]-2-yl(pyrimidin-2-yl)methanone (17d). Using general method
A and B, compound 17d is isolated in 84 % yield as a solid, MP 108–110 oC. Rf = 0.27 (hexane:
ethyl acetate, 1:1). 1H NMR (500 MHz, CDCl3) δ 7.04-7.08 (m, 2 H), 7.14 (t, J = 7.8 Hz, 2 H),
7.23 (d, J = 7.1 Hz, 2 H), 7.48 (d, J = 7.7 Hz,1 H), 7.56 (t, J = 6.5 Hz, 1 H), 7.66 (t, J = 6.3 Hz, 1
H), 7.89 (d, J = 6.6 Hz, 1 H), 8.56 (d, J = 4.9 Hz, 2 H). 13C NMR (125 MHz, CDCl3) δ 121.3,
127.3, 127.6, 128.2, 129.4, 129.7, 130.1, 131.8, 137.4, 140.3, 142.4, 156.8, 162.2, 196.0. Low
resolution MS( EI): 260 (M+), 231, 181, 152.

Preparation of pyridine-2,6-diylbis([1,1'-biphenyl]-2-ylmethanone) (18). Using general
method A and B, compound 18 is isolated in 61 % yield as light yellow solid, MP 111.2–113.5
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C. Rf = 0.44 (hexane: ethyl acetate, 5:1). 1H NMR (500 MHz, CDCl3) δ 6.71-6.74 (m, 4 H),

o

6.99-7.02 (m, 6 H), 7.21 (dd, J = 1.1 Hz, 7.6 Hz, 2 H), 7.48-7.51 (m, 2 H), 7.54-7.57 (m, 2 H),
7.59 (d, J = 1.4 Hz, 1 H), 7.61 (d, J = 1.4 Hz, 1 H), 7.66 (t, J = 7.7 Hz, 1 H), 7.85 (s, 1 H), 7.87
(s, 1 H).

13

C NMR (125 MHz, CDCl3) δ 125.1, 126.6, 127.0, 127.8, 128.9, 129.1, 129.5, 130.6,

137.0, 140.8, 142.2, 152.4, 197.5.

Preparation of 9-(pyridin-2-yl)-9H-fluoren-9-ol (19b): In a 50 mL round bottom flask cooled
to -78 o C, 2-bromopyridine (0.50 mL, 5.24 mmol) is dissolved in 10 mL THF and stirred of 5
mins before slowly adding n-butyllithium in hexane solution (2.50 mL, 6.29 mmol). The reaction
is stirred at this temperature for 1 h before adding fluorenone (755.4 mg, 4.19 mmol dissolved in
10 mL THF). The reaction is maintained at -78 oC for an additional 30 mins before allowing it to
warm to room temperature and stirred for 4 h. After completion, the reaction is quenched with 5
mL of saturated ammonium chloride solution and partitioned between chloroform and distilled
water. The aqueous fraction is further extracted twice after which the organic fractions are
combined, washed with brine and dried over anhydrous sodium sulfate. The solvent is removed
by rotary evaporation and the product purified by column chromatography (Rf = 0.51, hexane:
ethyl acetate, 5:1). The known compound 19b is isolated in 56 % yield.106
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Preparation of 5-phenyl-5H-dibenzo[a,d][7]annulen-5-ol (20a). In a 25 mL round bottom
flask cooled to 0 o C, dibenzosuberenone (200 mg, 0.97 mmol) is dissolved in 10 mL THF and
stirred of 5 mins before slowly adding phenylmagnesium bromide solution (0.39 mL, 1.16
mmol). The reaction is allowed to warm to room temperature. Following 24 h of stirring, the
reaction is quenched with 1 M HCl and partitioned between ethyl acetate and distilled water. The
aqueous fraction is further extracted twice after which the organic fractions are combined,
washed with brine and dried over anhydrous sodium sulfate. The solvent is removed by rotary
evaporation and the known compound 20a was isolated in 70% yield.107

Preparation of 5-(pyridin-2-yl)-5H-dibenzo[a,d][7]annulen-5-ol (20b). In a 50 mL round
bottom flask cooled to -78 o C, 2-bromopyridine (0.50 mL, 5.24 mmol) is dissolved in 10 mL
THF and stirred of 5 mins before slowly adding n-butyllithium in hexane solution (2.50 mL, 6.48
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mmol). The reaction is stirred at this temperature for 1 h before adding dibenzosuberenone
(755.4 mg, 4.19 mmol dissolved in 10 mL THF). The reaction is maintained at -78 o C for an
additional 30 mins before allowing it to warm to room temperature. Following 3–4 h of stirring,
the reaction is quenched with 5 mL of saturated ammonium chloride solution and partitioned
between chloroform and distilled water. The aqueous fraction is further extracted twice after
which the organic fractions are combined, washed with brine and dried with anhydrous sodium
sulfate. The solvent is removed by rotary evaporation and the known compound 20b is isolated
in 45 % yield.108

Preparation of 5-(pyrazin-2-yl)-5H-dibenzo[a,d][7]annulen-5-ol (20c). In a 50 mL round
bottom flask cooled to -45

o

C, iodopyrazine (0.20 mL, 2.03 mmol) is dissolved in 5 mL of

diethyl ether and stirred of 5 mins before slowly adding t-butyllithium in hexane solution (2.40
mL, 4.06 mmol). The reaction is stirred at this temperature for 15 mins before adding
dibenzosuberenone (502 mg, 2.44 mmol dissolved in 10 mL THF). The reaction is maintained at
-45 o C for an additional 30 mins before allowing it to warm to room temperature. Following 13–
14 h of stirring, the reaction is quenched with 5 mL of saturated ammonium chloride solution
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and partitioned between chloroform and distilled water. The aqueous fraction is further extracted
twice after which the organic fractions are combined, washed with brine and dried over
anhydrous sodium sulfate. The solvent is then removed by rotary evaporation and the product
purified by column chromatography (Rf = 0.11, hexane: ethyl acetate, 3:1). Compound 20c is
isolated in 16 % yield as powder. 1H NMR (500 MHz, CDCl3) δ 6.67 (s, 2 H), 7.36-7.41 (m, 4
H), 7.57 (dt, J = 1.9 Hz, 6.4 Hz, 2 H), 8.04 (d, J = 1.4 Hz, 1 H), 8.17 (d, J = 8.4 Hz, 2 H), 8.31 (t,
J = 1.6 Hz, 1 H), 8.35 (d, J = 2.5 Hz, 1 H). 13C NMR (125 MHz, CDCl3) δ 78.4, 123.9, 127.2,
128.7, 128.8, 131.5, 132.8, 140.5, 143.0, 143.2, 159.0. Low resolution MS (EI): 286 (M+), 257,
207, 178, 152, 80.

Preparation of 2-(9H-fluoren-9-yl)-4,6-dimethoxy-1,3,5-triazine (29). Based in part on a
published procedure,101 and using fluorene (473 mg, 2.85 mmol), 2-chloro-4,6-dimethoxy-1,3,5triazine (500 mg, 2.85 mmol), lithium diisopropylamide, LDA (4.3 mL, 8.85 mmol), 10 mL
THF, compound 29 is isolated in 70 % yield as solid, MP 149 – 152 oC. (Rf = 0.29, hexane: ethyl
acetate, 5:1). 1H NMR (300 MHz, CDCl3) δ 3.96 (s, 6 H), 5.23 (s, 1 H), 7.29-7.34 (m, 2 H), 7.41
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(t, J = 7.5 Hz, 2 H), 7.63 (d, J = 7.2 Hz, 2 H), 7.78 (d, J = 7.5 Hz, 2 H).

13

C NMR (75 MHz,

CDCl3) δ 55.2, 56.2, 120.1, 125.6, 127.2, 127.9, 141.7, 143.2, 172.6, 182.2.

Preparation of 2-(9-bromo-9H-fluoren-9-yl)-4,6-dimethoxy-1,3,5-triazine (30). Based in part
on a published procedure,101 and using compound 29 (275 mg, 0.902 mmol), Nbromosuccinimide, NBS (176.6 mg, 0.992 mmol), lithium diisopropylamide, LDA (1.4 mL, 2.71
mmol), 15 mL THF, compound 30 is isolated in 34 % yield as oil. (Rf = 0.27, hexane: ethyl
acetate, 3:1). 1H NMR (500 MHz, CDCl3) δ 3.93 (s, 6 H), 7.03 (d, J = 5.5 Hz, 4 H), 7.25-7.29
(m, 2H), 7.45 (d, J = 7.5 Hz, 2 H).13C NMR (125 MHz, CDCl3) δ 55.2, 68.2, 118.6, 125.3, 128.2,
129.5, 141.9, 142.5, 171.6, 180.3.

Preparation of 2-phenylnicotinaldehyde (32). In a 100 mL round bottom flask, 2-bromo-3pyridinecarboxaldehyde (1 g, 5.38 mmol) and phenylboronic acid (721.1 mg, 5.92 mmol) are

137

dissolved in 40 mL of toluene, stirred for 5 mins before adding sodium carbonate (1.14 g, 10.8
mmol), 10 mL ethanol and tetrakis(triphenylphosphine)palladium(0) (124 mg , 0.108 mmol).
Following 24 h of refluxing, the reaction is cooled to room temperature and is partitioned
between dichloromethane and distilled water in a separatory funnel. The aqueous fraction is then
subjected to two further extractions after which the organic fractions are combined, washed with
brine, dried over anhydrous sodium sulfate and filtered. The solvent is then removed by rotary
evaporation and the product purified by column chromatography (Rf = 0.21, hexane: ethyl
acetate, 3:1). The known compound 32 is isolated in 85 % yield.109

Preparation of phenyl(2-phenylpyridin-3-yl)methanone (33). In a 50 mL round bottom flask
cooled to -78 o C, bromobenzene (0.3 mL, 2.46 mmol) is dissolved in 5 mL THF, stirred of 5
mins before slowly adding t-butyllithium in hexane solution (1.6 mL, 2.79 mmol). The reaction
is stirred at this temperature for 2 h before adding compound 32 (300 mg, 1.064 mmol dissolved
in 10 mL THF). Reaction is then maintained at -78 o C for an additional 30 mins before allowing
it to warm to room temperature and stirred for 3 h. After this time, the reaction is quenched with
5 mL ammonium chloride saturated solution. The mixture is then partitioned in a separatory
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funnel containing distilled water and dichloromethane, DCM. The aqueous layer is then
extracted twice after which the organic fractions are combined, washed with brine, dried over
anhydrous sodium sulfate and filtered. The solvent is then removed by rotary evaporation and the
product used without purification. The crude (biphenyl-2-yl)methanol product is then dissolved
in 5 mL THF, stirred of 5 mins before slowly adding 10 mL DCM and pyridinium
chlorochromate, PCC (1.06 g, 4.92 mmol). The reaction is stirred at 25 o C overnight. After this
time, the reaction is diluted with 15 mL DCM and filtered through a celite® filter aid. The
solvent is removed by rotary evaporation and the product purified by column chromatography
(Rf = 0.21, hexane: ethyl acetate, 5:1). The known compound 33 is isolated in 71 % yield.110

Preparation of (2-phenylpyridin-3-yl)(pyridin-2-yl)methanone (34). In a 50 mL round bottom
flask cooled to -78 o C, 2-bromopyridine (0.2 mL, 2.46 mmol) is dissolved in 5 mL THF, stirred
of 5 mins before slowly adding t-butyllithium in hexane solution (1.6 mL, 2.79 mmol). The
reaction is stirred at this temperature for 2 h before adding compound 32 (300 mg, 1.064 mmol
dissolved in 10 mL THF). Reaction is then maintained at -78 o C for an additional 30 mins before
allowing it to warm to room temperature and stirred for 3 h. After this time, the reaction is
quenched with 5 mL ammonium chloride saturated solution. The mixture is then partitioned in a
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separatory funnel containing distilled water and dichloromethane, DCM. The aqueous layer is
then extracted twice after which the organic fractions are combined, washed with brine, dried
over anhydrous sodium sulfate and filtered. The solvent is then removed by rotary evaporation
and the product used without purification. The crude (biphenyl-2-yl)methanol product is then
dissolved in 5 mL THF, stirred of 5 mins before slowly adding 10 mL DCM and pyridinium
chlorochromate, PCC (1.06 g, 4.92 mmol). The reaction is stirred at 25 o C overnight. After this
time, the reaction is diluted with 15 mL DCM and filtered through a celite® filter aid. The
solvent is removed by rotary evaporation and the product purified by column chromatography
(Rf = 0.17, hexane: ethyl acetate, 3:1). Compound 34 is isolated in 73 % yield as solid MP 99–
102 oC. 1H NMR (300 MHz, CDCl3) δ 7.24-7.28 (m, 4 H), 7.40-7.48 (m, 3 H), 7.70 (td, J = 1.50
Hz, 6.3 Hz, 1 H), 7.94 (d, J = 7.80 Hz, 1 H), 8.00 (dd, J = 1.50 Hz, 1.8 Hz, 1 H), 8.38 (d, J =
4.50 Hz, 1 H), 8.85 (q, J = 3.3 Hz, 1 H).
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C NMR (75 MHz, CDCl3) δ 121.5, 123.6, 126.5,

128.1, 128.5, 129.2, 134.0, 136.6, 137.5, 140.0, 148.8, 150.9, 153.7, 158.4, 197.2.

CHAPTER 5
SYNTHESIS OF HETEROCYCLE-CONTAINING 9,9-DIARYLFLUORENES USING
SUPERELECTROPHILES

5.1 Introduction
An essential building block for some important class of organic materials is the fluorene
core – the simplest known methylene-bridged arene. This fluorene core has been used
extensively as the starting point for 9-arylfluorenes, 9,9-diarylfluorenes, spirocyclic fluorenes
and bifluorenes synthesis. These fluorene-based compounds have found applications in
optoelectronics, photovoltaic cells, thin film transistors, organic light-emitting diodes (OLEDs),
semiconductors, solar cells as well as in the fields of molecular electronics and chiral molecular
recognition.111-116 The use of 9,9-diarylfluorenes rather than 9,9-dialkylfluorenes in
optoelectronics is due to poor stability of alkyl groups resulting in poor color purity.117 These
applications of fluorene-based organic molecules are attributed to the unusual π-conjugated
systems in these compounds.113g
According to both published reports and patents, there are a number of methods for
synthesizing 9,9-diaryl- and spirocyclic fluorenes. These include Pd-catalyzed reactions between
aryl halides and 9-arylfluorenes,118 Friedel-Crafts type reaction of biaryl-2-yl-methanols using
Brønsted acids119 or PPA at refluxing temperatures,120 annulation reactions between
dihalobenzenes and hindered Grignard reagents catalyzed by palladium,121 C-F/C-H activation of
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o-arylated trifluorotoluene derivatives.122 Among these methods, the most widely used approach
is the Friedel-Crafts type reaction between a 9-aryl fluorenyl cation (generated from the
corresponding 9-arylfluorenol) and a nucleophile in an intermolecular fashion to afford 9,9diarylfluorenes or in an intramolecular reaction to afford spirocyclic fluorenes.113g,123
In this chapter, a convenient method of synthesizing N-heterocyclic-containing 9,9diarylfluorenes is reported and a mechanism involving superelectrophilic intermediates is
proposed. These highly reactive intermediates are further studied by DFT calculations.

5.2 Results and Discussion
Dicationic carboxonium ions involved in the Friedel-Crafts type reactions have been
shown to be very reactive intermediates, in both inter- and intramolecular type reactions.124
Friedel-Crafts condensation reactions involving heterocycle-substituted carbonyl compounds are
found to be exceptionally useful towards the synthesis of condensed arenes and several synthetic
methods are known.125 From these studies, it is envisaged that heterocycle-containing biaryl
ketones can be used for the synthesis of 9,9-diarylfluorenes and efforts to achieve this aim were
pursued.
There are a number of approaches for preparing biaryl ketones.105,126 These include the
reaction of Grignard or organolithium reagents with either an aldehyde followed by oxidation or
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a nitrile followed by acid hydrolysis to afford the biaryl ketone. Scheme 5.1 illustrates the
preparation of heterocycle-containing biaryl ketones from the reaction between [1,1'-biphenyl]-2ylmagnesium bromide (prepared in situ from 2-bromobiphenyl and magnesium) and different
heterocycle nitriles. This reaction is stirred at room temperature overnight followed by acid
hydrolysis. The respective biaryl ketones, 1a-f are isolated in good yields after chromatography
purification.

Scheme 5.1: Reaction of [1,1'-biphenyl]-2-ylmagnesium bromide with different aromatic
nitriles.
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Schemes 5.2 and 5.3 illustrate another method used to synthesize the other heterocyclecontaining biaryl ketones. These approaches take advantage of the acidic proton located at the 2position of imidazole and thiazole derivatives that can be abstracted using n-butyllithium to form
the respective organolithium reagent. In Scheme 5.2, the respective imidazole derivative is
reacted with 2.5 M n-butyllithium solution to afford the respective organolithium reagent in situ
and reacted with 4-methyl-[1,1'-biphenyl]-2-carbonitrile. After acid hydrolysis, the respective
biaryl ketones, 2a-c are isolated in good yields.

Scheme 5.2: Reaction of imidazole-based organolithium reagents 4-methyl-[1,1'-biphenyl]2-carbonitrile.

In Scheme 5.3, benzothiazole and the respective imidazole derivative is reacted with
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n-butyllithium solution to generate the respective organolithium reagent in situ and reacted with
[1,1'-biphenyl]-2-carbaldehyde to produce the respective biaryl alcohols. Pyridinium
chlorochromate (PCC) oxidation of the alcohols gives the respective biaryl ketones (3a→3c) that
are isolated in modest yields (60 → 67 %) over two steps.

Scheme 5.3: Reaction of imidazole-based and thiazole-based organolithium reagents with
[1,1'-biphenyl]-2-carbaldehyde.

In order to develop an appropriate condition for the synthesis of 9,9-diarylfluorenes, 1a
was reacted with benzene in the presence of CF3SO3H at room temperature. Following 3-4 h of
stirring, the starting ketone was completely consumed and the expected 9,9-diarylfluorene 4a is
isolated in 91 % yield.
Using these conditions, a series of substituted aromatic nucleophiles were reacted with 1a
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to afford the corresponding condensation products (4b – 4g). These products are isolated in good
to excellent yields (Table 5.1). Product 4a is a 9,9-diarylfluorene derivative that was used in the
manufacture of organic electroluminescent devices.127
When toluene and cumene were reacted with 1a, no evidence of transalkylation was
observed. Only the respective condensation products, 4b and 4c were formed.
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Table 5.1: Products and yields from the reaction of arenes with biaryl ketone 1a in triflic
acid.a

In the case of mesitylene, a complex mixture of condensation products was formed.
GCMS and NMR analysis of the mixture were uninterpretable. Ethyl salicylate reacted
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regioselectively to form a single condensation product 4c in 83 % isolated yield.
When bromo-, chloro- and 1,2-dichlorobenzene are used as nucleophiles, the
condensation chemistry gives mixtures of regioisomers. Column chromatography gives 36 % and
39 % yields for the pure regiosiomers of 4e (para) and 4f (para) respectively. Good amounts of a
mixture of regioisomers were also isolated (Table 5.1). 1,2-Dichlorobenzene also reacts quite
well to form the condensation product, 4g in 83 % isolated yield although a mixture of
regioisomers is produced. These regioisomers were inseparable by column chromatography. The
high yield observed for such a moderately deactivated arene indicates the involvement of a fairly
reactive electrophilic intermediate.
This condensation chemistry was found to be equally efficient for the other Nheterocyclic substrates. When the biphenyl diazinyl ketones, 1b–1e were reacted with benzene in
CF3SO3H, products were isolated in good yields (Table 5.2). The imidazole-substrates (2a, 2c
and 3c) and benzothiazole-substrate 3a also reacted smoothly to afford the respective products in
modest yields. The crude mixture of the reaction between 2a, 2c and 3c and benzene was
analyzed for possible transalkylation but none was observed.
This further confirms that the condensation chemistry is highly regioselective.
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Table 5.2: Products and yields from the reaction of benzene with biaryl ketone 1b-1e, 2a,
2c, 3a and 3c in triflic acid.a

When ketones 2b and 3b were reacted with benzene, the expected 9,9-diarylfluorene
derivatives were not formed but rather spirocyclic fluorene derivatives (6a and 6b) were
obtained (Scheme5.4). Products 6a and 6b were isolated in 88 % and 94 % yield respectively.
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Formation of these spirocyclic fluorenes may be attributed to the faster intramolecular
cyclization involving the benzyl group than for the intermolecular reaction with benzene.

Scheme 5.4: Reaction of biphenyl-1-benzyl-1H-imidazole ketones (2b and 3b) with benzene
in triflic acid.

In addition to these heterocycle-containing 9,9-diarylfluorene derivatives, diketone 7 was
synthesized (eq. 1) for use in the preparation of bis(fluorenyl) derivatives. It is envisaged that
reaction of diketone 7 with an appropriate nucleophile will result in the formation of two 9fluorenyl groups.
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Diketone 7 was then reacted with benzene and bis(4-phenoxyphenyl)methanone (Scheme
5.5) in the superacid-promoted condensation reaction. The reaction with benzene resulted in the
bis(fluorenyl) derivative, 8 while that with bis(4-phenoxyphenyl)methanone produced product, 9.
Product 9 will be a polymer from an A2B2 condensation.

Scheme 5.5: Reaction of diketone 7 with benzene and bis(4-phenoxyphenyl)methanone.

Concerning a plausible mechanism for these condensation reactions, it is proposed that
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compound 1a first forms the monocationic species 10 (Scheme 5.6). Species 10 is in equilibrium
with a dicationic carboxonium species 11 that results from protonation of the carbonyl group.
This dicationic intermediate then undergoes rapid cyclization to ion 12. Protonation of the
hydroxyl group in 12 forms the oxonium ion 13 that subsequently losses water to generate the
dicationic carbenium ion 15. Nucleophilic attack by benzene then forms the condensation
product 4a.

Scheme 5.6: Reaction mechanism for the formation of 4a from 1a.

For the diazine substrates (1b–1e), formation of tricationic carbenium ions are likely
involved. For example, the conversion of the pyrazine-based ketone 1e to the final condensation
product 5a, likely involves the tricationic species 15, 16 and 17 (Scheme 5.7).
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Scheme 5.7: Tricationic intermediates to product 5a formation.

The intermediates leading to products 6a and 6b likely involve the dicationic
carboxonium ion 18, oxonium ion 19 and carbenium ion 20 (Scheme 5.8).

Scheme 5.8: Dicationic intermediates to product 6a and 6b formation.

These reactive carbenium intermediates (14, 17, 21 and 22) were directly observed by
low-temperature NMR upon ionization of the respective ketone (1a, 1e, 2b and 7) in superacid
media (1H and 13C NMR spectra in Appendix C).97
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Compound 1f was reacted with benzene in CF3SO3H to compare the reactivity of a
monocationic species with the di- and tricationic electrophiles. Following 24 h of stirring at 25
o

C, the mixture contained more than 90% of the unreacted ketone 1f with some (<10%) of 9-

phenyl-fluoren-9-ol 23 present as well (eq. 2).

This indicates that the monocationic carboxonium ion, 24 has low electrophilic reactivity
compared to the superelectrophilic carboxonium ions (13, 16 and 18).
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Compound 23 was synthesized from the reaction of fluorenone with aryllithium
(generated in situ from bromobenzene and t-butyllithium) and isolated in 60 % yield (eq. 3).

This compound (23) was then reacted with benzene in the presence of triflic acid
(Scheme 5.9). The Friedel-Crafts product was isolated in low yield (30%) with significant
amount of the starting material (product ratio determined by GC-FID). Extending the reaction
time did not increase the amount of product formed significantly (29 → 35 %). This suggests the
involvement of an equilibrium between key intermediates in the reaction (Scheme 5.9).

Scheme 5.9: Reaction scheme of compound 23.
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Formation of σ-complex 26 results from the reaction between monocation 25 and
benzene. However, the phenyl group on 26 can be ipso-protonated by the superacid.128 This will
reverse the reaction pathway to 25 and upon aqueous workup, to 23. This equilibrium is
potentially a result of the stability – and relatively low electrophilicity – of 25. This phenomenon
was not observed in the di- (14 and 20) and tricationic (17 and 21) systems. It is suggested that
the di- and tricationic fluorenyl cations exhibit enhanced superelectrophilic character that results
in equilibria favoring product formation.
DFT calculations129 were used to further analyze the reactivities of these cationic
intermediates (Figure 5.1).84 In the calculations, the energetics of cyclization and phenylation of
the mono-, di-, and tricationic electrophiles were compared. Using the proposed carboxonium
ion intermediates as the starting point, the reaction pathways were divided into three steps: (1)
the cyclization step, (2) the dehydration step and (3) the electrophilic aromatic substitution
(SEAr) step. The CPCM-M062X/6-311++G(d,p) (solvent = TfOH) level was used to optimize
the structures of the intermediates and transition states.84 The energies of the optimized structures
were then calculated at the CPCM-B3LYP/6-31+G(d) (solvent = TfOH) level.84 Cyclization of
the carboxonium ions at the neighboring phenyl group was first studied. Thus, monocation 24
undergoes cyclization to intermediate 28 through C-C bond formation (Figure 5.1a) with a
calculated ∆G of 24.1 kcal/mol (TS1).
The cyclization intermediate 28 is estimated to be less stable (19.1 kcal/mol) than the
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carboxonium ion 24. When the charge on the carboxonium ion was increased, significant
changes in the energetics of cyclization was noticed. For dication 11, the Gibbs activation
energy is reduced (compared to the monocation) to 15.0 kcal/mol (Figure 5.1b). This represents
a 9.1 kcal/mol lowering of the activation energies for cyclization in 11 compared to 24. This
change may be understood to be a result of the high electrophilic reactivity of 11 and the
effective separation of positive charge during the bond-forming step. Previous studies have
demonstrated that charge separation is a strong driving force in the chemistry of multiplycharged carbocations.75 In addition to the lower barrier to cyclization, the cyclization
intermediate 13 is only slightly less stable by +2.6 kcal/mol than the carboxonium ion 11. This
is in contrast to the monocationic system in which the cyclization intermediate 28 is considerably
less stable by +19.1 kcal/mol compared to the carboxonium ion 24.

Similar trends were

observed in the tricationic cyclization as well (Figure 5.1c). The activation barrier is further
lowered by -2.8 kcal/mol and the cyclization intermediate 33 is found to be 9.2 kcal/mol more
stable than the carboxonium ion 32. Increasing the charge on the heterocyclic substituent greatly
favors the cyclization step in these reactions. The lower energy barrier and stabilized cyclization
intermediates in relation to the carboxonium ions noticed in the calculations corroborate this
observation.
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Figure 5.1a: Calculated structures and energies (∆G kcal/mol) for Friedel-Crafts reactions
of monocationic species (∆H values in parentheses).
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Figure 5.1b: Calculated structures and energies (∆G kcal/mol) for Friedel-Crafts reactions
of dicationic species (∆H values in parentheses).
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Figure 5.1c: Calculated structures and energies (∆G kcal/mol) for Friedel-Crafts reactions
tricationic species (∆H values in parentheses).
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The dehydration step involves generation of the oxonium ions (29, 13 and 34) that losses
water to give the fluorenyl cations (25, 14 and 21). The monocationic oxonium ion 25 could not
be located as a minimum on the potential energy surface. However, the transformation from the
cyclization intermediate 28 to the fluorenyl cation 25 is calculated to be exergonic by more than
19 kcal/mol. For the di- and tricationic systems, the respective oxonium ions (13 and 34) were
characterized as intermediates protected only by a minimal energy barrier leading to the
respective fluorenyl cations (11 and 21). The fluorenyl dication 14 results from the oxonium ion
13 through transition state TS4, which is calculated to be just 4.3 kcal/mol less stable than 14
(Figure 5.1b). The barrier to cleave tricationic oxonium ion 34 to the fluorenyl trication 21 is
only 2.5 kcal/mol (Figure 5.1c). These calculations are consistent with the experimental
observations that the oxonium ions are transient species that cannot be observed by lowtemperature NMR. These oxonium ions cleave to the corresponding fluorenyl cations
instantaneously hence could not be observed.
The SEAr step was also examined computationally as a measure of electrophilic
reactivities of the fluorenyl cations. This approach specifically compared the energies of the
reaction between the fluorenyl cations with benzene and subsequently, the resulting σcomplexes. It was hypothesized that increasing electrophilic reactivities should be evident by
decreasing barriers to the transition states and increasing relative stabilities of the σ-complexes.
The results from these calculations confirm these hypotheses. Thus, for the monocationic system,
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transition state TS2 results from the reaction between benzene and the fluorenyl monocation 25
in which the Gibbs activation energy is calculated to be 16.5 kcal/mol. Continuation of the
reaction step leads to the σ-complex 26 which is 8.9 kcal/mol less stable than the fluorenyl
monocation 25 with benzene (Figure 5.1a). In contrast, the Gibbs activation energy decreases to
8.9 kcal/mol and 6.7 kcal/mol for the di- (TS5) and tricationic (TS8) transition state respectively.
The σ-complexes of the di- and tricationic systems (31 and 35 respectively) are found to be
significantly more stable than the corresponding fluorenyl cations with benzene. For the
dicationic system, the σ-complex is found to be 1.4 kcal/mol more stable than the corresponding
fluorenyl dication with benzene (Figure 5.1b). The tricationic system is even more exergonic –
the σ-complex is found to be 14.0 kcal/mol more stable than the corresponding fluorenyl
trication with benzene (Figure 5.1c). These data are consistent with the observations from the
synthetic reactions. Thus, the N-heterocyclic ketones generated highly reactive superelectrophilic
intermediates which produces the 9,9-diarylfluorenes in good to excellent yields. When the less
reactive phenyl-substituted fluorenyl monocation is generated, only low yields of the 9,9diphenylfluorene is obtained (Scheme 5.9).
In an effort to capture the reactive dicationic intermediate 14 using other nucleophiles
instead of aromatic nucleophiles, triethylsilane (Et3SiH) and potassium hydrogenfluoride (KHF2)
were used. Triethylsilane will serve as a source of hydride ions to form 2-(9H-fluoren-9yl)pyridine 35 while potassium hydrogenfluoride will fluoridate 14 to generate 2-(9-fluoro-9H-
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fluoren-9-yl)pyridine 37 (Scheme 5.10).

Scheme 5.10:Reaction of compound 1a with triethylsilane and potassium hydrogenfluoride.

When these reactions were carried out, the expected products were not produced and the
starting biaryl ketone 1a was recovered. The lack of reaction was quite surprising since use of
these compounds (Et3SiH and KHF2) as sources of nucleophiles are well documented.60,130
5.3 Conclusions
Biphenyl ketones bearing N-heterocyclic substituents reacted very efficiently with
aromatic nucleophiles in the Friedel-Crafts type condensation reactions to afford 9,9diarylfluorenes in good to excellent yields. Spirocyclic products may be synthesized using this
new chemistry and macromolecules may also be prepared via condensation polymerization.
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A mechanism is proposed involving initial formation of fluorenyl cationic electrophiles which
subsequently reacts with a nucleophile to afford the products. With protonated N-heterocyclic
substituents, these 9-fluorenyl cations are part of highly reactive di- and tricationic
superelectrophilic systems. DFT calculations show that the more highly charged the fluorenyl
cations, the greater the reactivity exhibited towards cyclization and SEAr reactions.
5.4 Experimental
General. All reactions were performed using oven – dried glassware under an Argon
atmosphere. Trifluoromethanesulfonic acid (triflic acid) was freshly distilled prior to use. All
commercially available compounds and solvents were used as received. 1H and

13

C NMR were

done using either 300 MHz or 500 MHz spectrometer; chemical shifts were made in reference to
NMR solvent signals. Low – resolution mass spectra were obtained from a gas chromatography
instrument equipped with a mass – selective detector, whereas high – resolution mass spectra
were obtained from a commercial analytical laboratory (electron impact ionization; sector
instrument analyzer type).
Preparation of Biphenyl Magnesium Bromide: General Method A.
In a 50 mL round bottom flask containing 10 mL of tetrahydrofuran, THF was added
magnesium turnings (72 mg, 3.0 mmol) and a catalytic amount of iodine. The flask was then
placed in an oil bath preheated to 60–65 oC and stirred for 1 min before the addition of
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2-bromobiphenyl (0.52 mL, 3.0 mmol). After stirring at this temperature for 3-4 hours, the
mixture is allowed to cool to room temperature and the Grignard formed is used directly in
General Method B.
Grignard Reaction with N-Heterocyclic Nitriles: General Method B.
The biphenylmagnesium bromide solution from General Method A is cooled to 0 oC and
a solution of 2.0 mmol of the nitrile in 5 mL of THF is added slowly. The solution is then
allowed to warm to room temperature and stirred for an additional 14 hours. After this time, the
reaction is hydrolyzed with 15 mL 6.0 M HCl and stirred for 2 hours. The resulting solution is
made basic (ca. pH 8) by addition of 10 M NaOH, and the mixture partitioned between
chloroform and distilled water in a separatory funnel. The aqueous layer is then extracted twice
after which the organic fractions are combined, washed with brine, dried over anhydrous sodium
sulfate and filtered. The solvent is then removed by rotary evaporation and the resulting product
purified by column chromatography.

Preparation of [1,1'-biphenyl]-2-yl(pyridin-2-yl)methanone (1). Using general method A and
B, the known compound 1a is isolated in 80 % yield.105
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Preparation of [1,1'-biphenyl]-2-yl(pyrimidin-2-yl)methanone (1b). Using general method A
and B, compound 1b is isolated in 84 % yield as solid, MP 108–110 oC. Rf = 0.27 (hexane: ethyl
acetate, 1:1). 1H NMR (300 MHz, CDCl3) δ 7.03-7.08 (m, 2 H), 7.11-7.16 (m, 2 H), 7.21-7.24
(m, 2 H), 7.46-7.49 (m, 1 H), 7.52-7.59 (m, 1 H), 7.62-7.68 (m, 1 H), 7.86-7.89 (m, 1 H), 8.56 (d,
J = 4.86 Hz, 2 H). 13C NMR (75 MHz, CDCl3) δ 121.3, 127.1, 127.3, 127.6, 128.2, 129.3, 129.7,
130.15, 131.8, 137.4, 140.2, 142.4, 156.9, 162.0, 196.0 Low resolution MS (EI): 260 (M+), 231,
204, 182, 153, 127, 102, 76, 53.

Preparation of [1,1'-biphenyl]-2-yl(pyridazin-3-yl)methanone (1c). Using general method A
and B, compound 1c is isolated in 79 % yield as oil. Rf = 0.39 (hexane: ethyl acetate, 1:1). 1H
NMR (300 MHz, CDCl3) δ 7.08-7.16 (m, 3 H), 7.19-7.22 (m, 2 H), 7.36-7.40 (m, 1 H), 7.46-7.55
(m, 2 H), 7.60-7.66 (m, 1 H), 7.75-7.78 (m, 1 H), 7.81-7.85 (m, 1 H), 9.01 (d, J = 6.39 Hz, 1
H).13C NMR (75 MHz, CDCl3) δ 126.0, 126.4, 127.3, 127.4, 128.2, 129.2, 129.6, 129.9, 131.6,
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137.6, 140.3, 142.2, 152.0, 157.9, 197.3 Low resolution MS (EI): 260 (M+), 231, 204, 181, 152,
127, 101, 76, 51.

Preparation of [1,1'-biphenyl]-2-yl(pyrimidin-5-yl)methanone (1d). Using general method A
and B, compound 1d is isolated in 75 % yield as solid, MP 79–81 oC. Rf = 0.35 (hexane: ethyl
acetate, 3:1). 1H NMR (300 MHz, CDCl3) δ 7.12-7.21 (m, 5 H), 7.51 (t, J = 9.8 Hz, 2 H), 7.63
(d, J = 5.0 Hz, 2 H), 8.71 (s, 2 H), 9.03 (s, 1 H).

13

C NMR (75 MHz, CDCl3) δ 127.9, 128.0,

128.7, 129.1, 129.3, 130.1, 130.6, 131.9, 137.0, 139.5, 141.4, 157.1, 160.3, 195.7. Low
resolution MS (EI): 260 (M+), 231, 204, 181, 152, 127, 107, 76, 52.

Preparation of [1,1'-biphenyl]-2-yl(pyrazin-2-yl)methanone (1e). Using general method A
and B, the known compound 1e is isolated in 82 % yield.105
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Preparation of [1,1'-biphenyl]-2-yl(phenyl)methanone (1e). Using general method A and B,
the known compound 1f is isolated in 82 % yield.131
Organolithium Reaction with 4'-methyl-2-cyanobiphenyl: General Method C.
In a 50 mL round bottom flask cooled to -78 oC, the respective 1H-imidazole derivative
(1.0 equiv.) is dissolved in 5 mL THF, stirred of 5 mins before slowly adding n-butyllithium in
hexane solution (1.5 equiv.) or tert-butyllithium in pentane solution (1.5 equiv.). The reaction is
stirred at this temperature for 2 hours before adding 4'-methyl-2-cyanobiphenyl (0.7 equiv.
dissolved in 10 mL THF). Reaction is maintained at -78 oC for an additional 30 mins before
allowing it to warm to room temperature and stirred for 4 h. After this time, the reaction is
hydrolyzed with 15 mL 6.0 M HCl and stirred for 2 hours. The resulting solution is made basic
(ca. pH 8) by addition of 10 M NaOH, and the mixture partitioned between chloroform and
distilled water in a separatory funnel. The aqueous layer is then extracted twice after which the
organic fractions are combined, washed with brine, dried over anhydrous sodium sulfate and
filtered. The solvent is then removed by rotary evaporation and the resulting product purified by
column chromatography.
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Preparation of (1-butyl-1H-imidazol-4-yl)(4-methyl-[1,1'-biphenyl]-2-yl)methanone (2a).
Using general method C, 1-butyl-1H-imidazole (0.261 mL, 2.00 mmol), and 4'-methyl-2cyanobiphenyl (386.5 mg, 2.00 mmol), compound 2a is isolated in 93 % yield as a yellow resin.
Rf = 0.15 (hexane: ethyl acetate, 5:1). 1H NMR (500 MHz, CDCl3) δ 0.96 (t, J = 7.40 Hz, 3 H),
1.31 (septet, J = 7.70 Hz, 2 H), 1.70-1.76 (m, 2 H), 2.32 (s, 3 H), 4.36 (t, J = 7.30 Hz, 2 H), 7.00
(d, J = 0.80 Hz, 1 H), 7.08 (d, J = 0.80 Hz, 2 H), 7.10 (s, 1 H), 7.22 (d, J = 4.60 Hz, 2 H), 7.437.64 (m, 4 H). 13C NMR (125 MHz, CDCl3) δ 13.7, 19.7, 21.1, 33.0, 48.3, 125.4, 126.6, 128.3,
128.8, 128.9, 129.6, 130.2, 130.5, 136.6, 138.0, 139.0, 141.4, 143.2, 188.0.

Preparation of (1-benzyl-1H-imidazol-2-yl)(4-methyl-[1,1'-biphenyl]-2-yl)methanone (2b).
Using general method C, 1-benzylimidazole (250 mg, 1.58 mmol), and 4'-methyl-2cyanobiphenyl (204 mg, 1.10 mmol), compound 2b is isolated in 84 % yield as oil. Rf = 0.21
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(hexane: ethyl acetate, 1:1). 1H NMR (500 MHz, CDCl3) δ 2.35 (s, 3 H), 5.61 (s, 2 H), 6.98 (s, 1
H), 7.04 (d, J = 7.80 Hz, 1 H), 7.10 (s, 1 H), 7.17-7.21 (m, 4 H), 7.35-7.38 (m, 3 H), 7.44-7.48
(m, 2 H), 7.55-7.58 (m, 1 H), 7.64 (d, J = 6.95 Hz, 1 H).
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C NMR (125 MHz, CDCl3) δ 21.2,

51.5, 125.4, 126.6, 127.9, 128.1, 128.8, 128.9, 130.2, 130.6, 136.4, 136.5, 138.0, 138.9, 141.5,
143.4, 188.9 Low resolution MS (EI): 352 (M+), 323, 261, 179, 165, 152, 91.

Preparation of (1-methyl-1H-imidazol-2-yl)(4-methyl-[1,1'-biphenyl]-2-yl)methanone (2c).
Using general method C, 1-methylimidazole (0.30 mL, 3.78 mmol), and 4'-methyl-2cyanobiphenyl (487 mg, 2.52 mmol), compound 2c is isolated in 86 % yield as a deep yellow
solid MP 77–80 o C . Rf = 0.20 (hexane: ethyl acetate, 3:1). 1H NMR (500 MHz, CDCl3) δ 2.33
(s, 3 H), 3.92 (s, 3 H), 6.91 (s, 1 H), 7.05 (s, 1 H), 7.11 (d, J = 7.90 Hz, 2 H), 7.24 (d, J = 8.05
Hz, 2 H), 7.43-7.47 (m, 2 H), 7.53-7.56 (m, 1H), 7.68-7.69 (m, 1 H).
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C NMR (125 MHz,

CDCl3) δ 21.2, 35.8, 126.5, 126.6, 128.7, 128.9, 129.2, 129.7, 130.3, 130.6, 136.7, 138.0, 138.7,
141.6, 143.9, 188.6 Low resolution MS (EI): 276 (M+), 261, 247, 185, 165, 152.
Preparation of (1,1'-biphenyl-2-yl)methanols: General Method D.
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In a 50 mL round bottom flask cooled to -78 oC, the respective 1H-imidazole derivative
(2.24 mmol, 1.2 equiv.) or thiazole (2.24 mmol, 1.2 equiv.) is dissolved in 10 mL THF, stirred of
5 mins before slowly adding n-butyllithium in hexane solution (0.89 mL, 2.24 mmol, 1.2 equiv.).
The reaction is stirred at this temperature for 1 h before adding biphenyl-2-carboxaldehyde (0.30
mL, 1.0 mmol dissolved in 5 mL THF). Reaction is then maintained at -78 oC for an additional
30 mins before allowing it to warm to room temperature and stirred for 4 h. After this time, the
reaction is quenched with 5 mL ammonium chloride saturated solution. The mixture is then
partitioned in a separatory funnel containing distilled water and dichloromethane, DCM. The
aqueous layer is then extracted twice after which the organic fractions are combined, washed
with brine, dried over anhydrous sodium sulfate and filtered. The solvent is then removed by
rotary evaporation and the product used in General Method E without purification.
Oxidation of (1,1'-biphenyl-2-yl)methanol to (1,1'-biphenyl-2-yl)methanone: General
Method E.
In a 50 mL round bottom flask containing 10 mL DCM was added the respective
(biphenyl-2-yl)methanol, stirred of 5 mins before slowly adding pyridinium chlorochromate,
PCC (1.20 g, 5.57 mmol). The reaction is stirred at 25 oC overnight. After this time, the reaction
is diluted with 15 mL DCM and filtered through a celite® filter aid. The solvent is removed by
rotary evaporation and the product purified by column chromatography.
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Preparation of benzo[d]thiazol-2-yl(4-methyl-[1,1'-biphenyl]-2-yl)methanone (3a). Using
general method D and E, compound 3a is isolated in 67 % yield as oil. Rf = 0.28 (hexane: ethyl
acetate, 7:1). 1H NMR (300 MHz, CDCl3) δ 7.12 (d, J = 1.2 Hz, 1 H), 7.22-7.27 (m, 1H), 7.39 (d,
J = 7.86 Hz, 2 H), 7.45-7.59 (m, 4 H), 7.67 (d, J = 8.34 Hz, 1 H), 7.90 (d, J = 7.05 Hz, 2 H), 8.08
(d, J = 7.29 Hz, 1 H).13C NMR (75 MHz, CDCl3) δ 122.2, 125.6, 126.8, 127.2, 127.3, 127.6,
128.3, 129.0, 130.5, 131.7, 136.8, 137.1, 140.7, 142.6, 153.5, 166.8, 190.9. Low resolution MS
(EI): 315 (M+), 286, 238, 181, 152, 127.

Preparation of (1-benzyl-1H-imidazol-2-yl)(4-methyl-[1,1'-biphenyl]-2-yl)methanone (7).
Using general method D and E, compound 3b is isolated in 65 % yield as oil. Rf = 0.21 (hexane:
ethyl acetate, 3:1). 1H NMR (500 MHz, CDCl3) δ 5.60 (s, 2 H), 6.97 (s, 1 H), 7.10 (s, 1 H), 7.19
(d, J = 7.6 Hz, 2 H), 7.26 (t, J = 2.45 Hz, 3 H), 7.35-7.39 (m, 5 H), 7.48-7.52 (m, 2 H), 7.57-7.60
(m, 1H), 7.71 (d, J = 7.30 Hz, 1 H).13C NMR (125 MHz, CDCl3) δ 51.5, 125.6, 126.9, 127.0,
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127.9, 128.15, 128.23, 128.9, 129.0, 129.1, 130.3, 130.7, 136.5, 139.0, 141.0, 141.6, 143.3,
188.7. Low resolution MS (EI): 338 (M+), 321, 309, 261, 247, 232, 181, 165, 152, 91, 65.

Preparation of [1,1'-biphenyl]-2-yl(1-methyl-1H-benzo[d]imidazol-2-yl)methanone (3c).
Using General Method D and E, compound 3c is isolated in 60 % yield as solid MP 115–118 oC.
Rf = 0.25 (hexane: ethyl acetate, 5:1). 1H NMR (500 MHz, CDCl3) δ 4.02 (s, 3 H), 7.09-7.13 (m,
1 H), 7.20 (t, J = 7.85 Hz, 2 H), 7.29-7.32 (m, 3 H), 7.35-7.42 (m, 2 H), 7.50-7.55 (m, 2 H), 7.637.66 (m, 1 H), 7.79 (d, J = 8.25 Hz, 1 H), 7.82-7.84 (m, 1 H).

C NMR (125 MHz, CDCl3) δ

13

31.7, 110.1, 121.9, 123.4, 125.6, 127.05, 127.1, 127.9, 128.8, 129.8, 130.4, 131.5, 136.3, 138.4,
140.8, 141.8, 142.6, 147.5, 190.8.Low resolution MS (EI): 312 (M+), 283, 235, 181, 152.
Reaction of (1,1'-biphenyl-2-yl)methanone with Aromatic Nucleophiles and Triflic Acid:
General Method F.
In a 25 mL round bottom flask, the respective biphenylmethanone is dissolved in 1 mL
DCM, stirred for 5 mins before adding the respective aromatic nucleophile and triflic acid (0.5
mL, 5.5 mmol) slowly. Following 4 h of stirring at 25 oC, the reaction is stopped. The solution is
then poured on about 10 g of ice and neutralized with 10 M NaOH solution. The resulting
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aqueous solution is then partitioned between chloroform and distilled water in a separatory
funnel. The aqueous fraction was further extracted twice after which the organic fractions are
combined, washed with brine, dried over anhydrous sodium sulfate and filtered. The solvent is
then removed by rotary evaporation and the product purified by column chromatography.

Preparation of 2-(9-phenyl-9H-fluoren-9-yl)pyridine (4a). Using general method F, [1,1'biphenyl]-2-yl(pyridin-2-yl)methanone,1a (101.5 mg, 0.39 mmol), and benzene (0.5 mL, 5.6
mmol), compound 4a is isolated in 91 % yield as white solid, MP 166–170 oC. Rf = 0.41
(hexane: ethyl acetate, 5:1).1H NMR (500 MHz, CDCl3) δ 7.11-7.17 (m, 4 H), 7.24-7.29 (m, 3
H), 7.34-7.37 (m, 2 H), 7.44 (td, J = 7.50 Hz, J = 1.0 Hz, 2 H), 7.47-7.51(m, 1 H), 7.68 (d, J
=7.60 Hz, 2 H), 7.85 (d, J = 7.60 Hz, 2 H), 8.72-8.74 (m, 1 H). 13C NMR (125 MHz, CDCl3) δ
67.2, 120.2, 121.5, 121.8, 126.7, 127.8, 127.9, 128.4, 136.3, 140.5, 149.8, 149.9, 163.0 Low
resolution MS (EI): 319 (M+), 241, 158.
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Preparation of 2-(9-(p-tolyl)-9H-fluoren-9-yl)pyridine (4b). Using general method F, [1,1'biphenyl]-2-yl(pyridin-2-yl)methanone, 1a (50.0 mg, 0.193 mmol), and toluene (0.5 mL, 4.70
mmol), compound 4b is isolated in 90 % yield as white solid, MP 169–169 oC. Rf = 0.18
(hexane: ethyl acetate, 19:1).1H NMR (500 MHz, CDCl3) δ 2.36 (s, 3 H), 7.06 (d, J = 8.25 Hz, 2
H), 7.11-7.17 (m, 4 H), 7.36-7.40 (m, 2 H), 7.44-7.51 (m, 3 H), 7.72 (d, J = 7.60 Hz, 2 H), 7.87
(d, J = 7.50 Hz, 2 H), 8.75-8.76 (m, 1 H).13C NMR (125 MHz, CDCl3) δ 21.1, 67.0, 120.2,
121.4, 121.5, 121.7, 126.8, 127.0, 127.76, 127.77, 127.82, 129.1, 136.16, 136.23, 140.5, 143.1,
149.8, 150.1, 164.1. Low resolution MS (EI): 333 (M+), 317, 255, 239, 159.

Preparation of ethyl 2-hydroxy-5-(9-(pyridin-2-yl)-9H-fluoren-9-yl)benzoate (4c). Using
general method F, [1,1'-biphenyl]-2-yl(pyridin-2-yl)methanone,1a (50.0 mg, 0.19 mmol), and
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ethyl salicylate (0.5 mL, 3.40 mmol), compound 4c is isolated in 83 % yield as oil. Rf = 0.31
(hexane: ethyl acetate, 3:1). 1H NMR (500 MHz, CDCl3) δ 1.29 (t, J = 7.10 Hz, 3 H), 4.31
(quartet, J = 7.10 Hz, 2 H), 6.88 (d, J = 8.80 Hz, 1 H), 7.04 (d, J = 7.95 Hz, 1 H), 7.15-7.21 (m, 2
H), 7.34 (quartet, J = 7.60 Hz, 2 H), 7.41-7.44 (m, 2 H), 7.47-7.51 (m, 1 H), 7.60 (d, J = 8.15 Hz,
3 H), 7.82 (d, J = 7.65 Hz, 2 H), 10.8 (s, 1 H).13C NMR (125 MHz, CDCl3) δ 14.1, 61.2, 66.3,
112.2, 117.7, 120.0, 120.3, 121.4, 121.8, 126.5, 127.0, 127.86, 127.90, 128.5, 135.6, 136.4,
136.5, 140.4, 149.8, 160.5, 163.5, 170.1. Low resolution MS (EI): 407 (M+), 361, 332, 304, 283,
255, 241, 226, 207, 180, 166, 152.

Preparation of 2-(9-(4-isopropylphenyl)-9H-fluoren-9-yl)pyridine (4d). Using general
method F, [1,1'-biphenyl]-2-yl(pyridin-2-yl)methanone,1a (50.0 mg, 0.19 mmol), cumene (0.5
mL, 3.59 mmol), compound 4d is isolated in 89 % yield as oil. Rf = 0.59 (hexane: ethyl acetate,
5:1). 1H NMR (500 MHz, CDCl3) δ 1.22 (d, J = 6.95 Hz, 6 H), 2.86 (q, J = 6.90 Hz, 1 H), 7.00
(d, J = 8.35 Hz, 2 H), 7.08-7.15 (m, 4 H), 7.30-7.34 (m, 2 H), 7.39-7.43 (m, 2 H), 7.47-7.50 (m,
1 H), 7.64 (d, J = 7.60 Hz, 2 H), 7.81 (d, J = 7.55 Hz, 2 H), 8.70 (q, J = 3.75 Hz, 1 H).13C NMR
(125 MHz, CDCl3) δ 23.9, 33.6, 67.0, 120.1, 121.5, 121.6, 126.4, 126.8, 127.62, 127.65, 127.68,
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136.2, 140.4, 143.1, 146.8, 149.7, 150.1, 164.0. Low resolution MS (EI): 361 (M+), 344, 318,
283, 267, 252, 241, 165.

Preparation of 2-(9-(4-bromophenyl)-9H-fluoren-9-yl)pyridine (4e). Using general method F,
[1,1'-biphenyl]-2-yl(pyridin-2-yl)methanone, 1a (100 mg, 0.386 mmol), and bromobenzene (0.5
mL, 5.60 mmol), compound 4e is isolated in 36 % yield (p-product) as powder, MP 143–145 oC.
Rf = 0.75 (hexane: diethyl ether, 1:1). 1H NMR (500 MHz, CDCl3) δ 6.95 (d, J = 8.60 Hz, 2 H),
7.04 (d, J = 7.95 Hz, 1 H), 7.15-7.17 (m, 1 H), 7.31-7.36 (m, 4 H), 7.41-7.44 (m, 2 H), 7.47-7.50
(m, 1 H), 7.59 (d, J = 7.65 Hz, 2 H), 7.81 (d, J = 7.55 Hz, 2 H), 8.69 (t, J = 3.80 Hz, 1 H).13C
NMR (125 MHz, CDCl3) δ 66.7, 120.3, 120.7, 121.3, 121.9, 126.6, 127.9, 128.0, 129.6, 131.4,
136.4, 140.4, 145.1, 149.4, 149.9, 163.2. Low resolution MS (EI): 397 (M+), 319, 239, 213, 159,
145.
Mixture of regioisomers of 4e isolated in 57 % as powder, MP 254–257 oC 75Rf = 0.45 (hexane:
diethyl ether, 1:1).1H NMR (500 MHz, CDCl3) δ 6.91 (d, J = 8.40 Hz, 2 H), 6.95-7.00 (m, 3 H),
7.10 (t, J = 6.45 Hz, 1 H), 7.14 (q, J = 1.90 Hz, 1 H), 7.23-7.32 (m, 7 H), 7.35-7.47 (m, 6 H),
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7.50 (d, J = 7.55 Hz, 2 H), 7.53 (d, J = 7.90 Hz, 2 H), 7.59 (s, 1 H), 7.70 (d, J = 7.50 Hz, 1 H),
7.79 (q, J = 3.30 Hz, 2 H), 8.53 (d, J = 3.20 Hz, 1 H), 8.59 (d, J = 3.65 Hz, 1 H).13C NMR (125
MHz, CDCl3) δ 66.6, 67.4, 119.7, 120.2, 120.3, 120.6, 121.3, 121.4, 121.7, 126.3, 126.4, 126.5,
126.6, 127.5, 127.7, 127.8, 127.9, 128.0, 129.6, 131.3, 136.3, 138.8, 140.37, 140.40, 140.5,
145.2, 149.0, 149.2, 149.4, 149.6, 163.4, 164.1. Low resolution MS (EI): 397 (M+), 319, 239,
213, 159, 145.

Preparation of 2-(9-(4-chlorophenyl)-9H-fluoren-9-yl)pyridine (4f). Using general method F,
[1,1'-biphenyl]-2-yl(pyridin-2-yl)methanone,1a (100 mg, 0.386 mmol), and chlorobenzene (0.5
mL, 4.53 mmol), compound 4f is isolated in 39 % yield as powder, MP 148–150 oC. Rf = 0.74
(hexane: ethyl acetate, 3:1). 1H NMR (500 MHz, CDCl3) δ 7.02-7.07 (m, 3 H), 7.15-7.18 (m, 1
H), 7.21-7.23 (m, 2 H), 7.33-7.36 (m, 2 H), 7.42-7.50 (m, 3 H), 7.62 (d, J = 7.60 Hz, 2 H), 7.83
(d, J = 7.55 Hz, 2 H), 8.72 (quartet, J = 3.75 Hz, 1 H).

13

C NMR (125 MHz, CDCl3) δ 66.6,

120.3, 121.3, 121.9, 126.6, 127.9, 128.0, 128.5, 129.3, 132.5, 136.4, 140.4, 144.6, 149.5, 149.9,
163.3 Low resolution MS (EI): 353 (M+), 317, 275, 239, 213, 159.
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Mixture of regioisomers of 4f is isolated in 55 % yield as oil. Rf = 0.52 (hexane: ethyl acetate,
3:1).1H NMR (500 MHz, CDCl3) δ 6.99-7.04 (m, 6 H), 7.10 (quartet, J = 1.90 Hz, 1 H), 7.15
(quartet, J = 1.85 Hz, 1 H), 7.21 (d, J = 8.55 Hz, 2 H), 7.27-7.34 (m, 4 H), 7.37-7.49 (m, 6 H),
7.54-7.59 (m, 4 H), 7.65 (d, J = 1.15 Hz, 1 H), 7.74 (d, J = 7.50 Hz, 1 H), 7.83 (quartet, J = 3.20
Hz, 2 H), 8.57 (d, J = 3.80 Hz, 1 H), 8.63 (d, J = 3.75 Hz, 1 H).13C NMR (125 MHz, CDCl3) δ
66.6, 67.5, 119.7, 120.2, 120.3, 121.3, 121.4, 121.7, 121.8, 126.4, 126.5, 126.6, 126.7, 127.6,
127.7, 127.76, 127.80, 127.82, 128.0, 128.1, 128.4, 129.3, 132.5, 136.3, 136.4, 138.9, 140.4,
140.45, 140.54, 144.8, 146.0, 149.2, 149.4, 149.5, 149.69, 149.72, 163.5, 164.2. Low resolution
MS (EI): 353 (M+), 317, 275, 239, 213, 159.

Preparation of 2-(9-(3,4-dichlorophenyl)-9H-fluoren-9-yl)pyridine (4g). Using general
method F, [1,1'-biphenyl]-2-yl(pyridin-2-yl)methanone,1a (50.0 mg, 0.19 mmol), and 1,2dichlorobenzene (0.5 mL, 4.42 mmol), compound 4g is isolated as inseparable isomeric mixture
in 83 % yield as oil. Rf = 0.44 (hexane: ethyl acetate, 3:1). 1H NMR (500 MHz, CDCl3) δ 6.916.93 (m, 1 H), 6.96-7.04 (m, 3 H), 7.10-7.12 (m, 2 H), 7.15 (quartet, J = 1.85 Hz, 1 H), 7.24-7.33
(m, 6 H), 7.37-7.50 (m, 7 H), 7.55 (t, J = 7.55 Hz, 3 H), 7.60 (d, J = 1.30 Hz, 1 H), 7.72
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(d, J = 7.50 Hz, 1 H), 7.80 (t, J = 6.40 Hz, 2 H), 8.53 (d, J = 3.80 Hz, 1 H), 8.59 (d, J = 3.80 Hz,
1 H).13C NMR (125 MHz, CDCl3) δ 66.2, 67.4, 119.8, 120.2, 120.3, 120.4, 121.2, 121.4, 121.7,
121.9, 126.3, 126.52, 126.54, 126.6, 127.61, 127.63, 127.7, 127.79, 127.80, 127.88, 127.93,
128.2, 129.6, 130.1, 130.7, 132.3, 136.5, 138.8, 140.4, 140.5, 146.2, 146.4, 148.4, 148.6, 149.5,
149.6, 149.7, 163.0, 164.0. Low resolution MS (EI): 387 (M+), 352, 309, 273, 239, 207, 176,
158.

Preparation of 2-(9-phenyl-9H-fluoren-9-yl)pyrazine (5a). Using general method F, [1,1'biphenyl]-2-yl(pyrazin-2-yl)methanone,1e (98.4 mg, 0.192 mmol), and benzene (0.5 mL, 5.6
mmol), compound 5a is isolated in 91 % yield as yellow solid, MP 168–169 oC. Rf = 0.33
(hexane: ethyl acetate, 5:1). 1H NMR (500 MHz, CDCl3) δ 7.07-7.29 (m, 5 H), 7.35 (dt, J = 1.0
Hz, J = 7.50 Hz, 2 H), 7.45 (dt, J = 0.90 Hz, J = 7.50 Hz, 2 H), 7.62 (d, J = 7.70 Hz, 2 H), 7.85
(d, J = 7.60 Hz, 2 H), 8.45 (d, J = 18.5 Hz, 2 H), 8.64 (s, 2 H).13C NMR (125 MHz, CDCl3) δ
65.5, 120.4, 16.6, 127.0, 127.7, 128.0, 128.2, 128.5, 140.5, 143.0, 144.3, 145.0, 148.7, 159.8.
Low resolution MS (EI): 320 (M+), 241, 160.
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Preparation of 5-(9-phenyl-9H-fluoren-9-yl)pyrimidine (5b). Using general method F, [1,1'biphenyl]-2-yl(pyrimidin-5-yl)methanone, 1d (50.0 mg, 0.192 mmol), and benzene (0.5 mL, 5.6
mmol), compound 5b is isolated in 88 % yield as white solid, MP 182–185 oC. Rf = 0.12
(hexane: ethyl acetate, 7:1). 1H NMR (500 MHz, CDCl3) δ 7.17-7.19 (m, 2 H), 7.29-7.32 (m, 3
H), 7.33-7.39 (m, 2 H), 7.41 (d, J = 7.55 Hz, 2 H), 7.44 (q, J = 6.75 Hz, 2 H), 7.84 (d, J = 7.60
Hz, 2 H), 8.62 (s, 2 H), 9.11 (s, 1 H). 13C NMR (125 MHz, CDCl3) δ 61.9, 120.7, 125.8, 127.4,
127.7, 128.25, 128.31, 128.8, 139.8, 140.1, 143.5, 149.1, 156.3, 157.1 Low resolution MS (EI):
320 (M+), 292, 241, 189.

Preparation of 2-(9-phenyl-9H-fluoren-9-yl)pyrimidine (5c). Using general method F, [1,1'biphenyl]-2-yl(pyrimidin-2-yl)methanone,1b (45.3 mg, 0.174 mmol), and benzene (0.5 mL, 5.6
mmol), compound 5c is isolated in 82 % yield as off-white solid, MP 218–220 oC. Rf = 0.17
(hexane: ethyl acetate, 7:1).1H NMR (500 MHz, CDCl3) δ 7.04-7.08 (m, 2 H), 7.14
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(t, J=4.90 Hz, 1 H), 7.24-7.49 (m, 7 H), 7.79 (dd, J = 7.40 Hz, J = 19.1 Hz, 4 H), 8.72 (d, J =
4.90 Hz, 2 H).13C NMR (125 MHz, CDCl3) δ 68.5, 119.0, 120.0, 126.8, 127.4, 127.5, 127.9,
128.4, 140.7, 145.8, 148.9, 157.1, 172.6. Low resolution MS (EI): 320 (M+), 291, 241, 159.

Preparation of 2 3-(9-phenyl-9H-fluoren-9-yl)pyridazine (5d). Using general method F, [1,1'biphenyl]-2-yl(pyridazin-3-yl)methanone,1c (68.3 mg, 0.26 mmol), and benzene (0.5 mL, 5.6
mmol), compound 5d is isolated in 89 % yield as a brown solid, MP 212–215 oC. Rf = 0.10
(hexane: ethyl acetate, 3:1).1H NMR (300 MHz, CDCl3) δ 7.07-7.10 (m, 2 H), 7.22-7.24 (m, 5
H), 7.33 (t, J = 7.50 Hz, 2 H), 7.43 (t, J = 7.35 Hz, 2 H), 7.62 (d, J = 7.56 Hz, 2 H), 7.82 (d, J =
6.60 Hz, 2 H), 9.09 (s, 1 H).13C NMR (75 MHz, CDCl3) δ 66.0, 120.3, 124.9, 126.8, 127.7,
128.1, 128.2, 128.4, 140.5, 144.8, 149.0. Low resolution MS (EI): 320 (M+), 291, 239, 213, 189,
159, 77.
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Preparation of 1-butyl-2-(2-methyl-9-phenyl-9H-fluoren-9-yl)-1H-imidazole (5e). Using
general method F, (1-butyl-1H-imidazol-4-yl)(4-methyl-[1,1'-biphenyl]-2-yl)methanone, 2a
(0.108 g, 0.34 mmol), and benzene (0.5 mL, 5.6 mmol), compound 35 is isolated in 86 % yield
as solid, MP 136 - 142 oC, Rf = 0.08 (hexane: ethyl acetate, 5:1). 1H NMR (500 MHz, CDCl3) δ
0.52-1.08 (m, 7 H), 2.38 (s, 3 H), 3.00 (t, J = 7.90 Hz, 2 H), 6.82 (d, J = 1.20 Hz, 1 H), 7.08 (d, J
= 1.20 Hz, 1 H), 7.20-7.41 (m, 1 H), 7.46 (d, J = 7.70 Hz, 1 H), 7.68 (d, J = 7.70 Hz, 1 H), 7.75
(d, J = 7.50 Hz, 1 H). 13C NMR (125 MHz, CDCl3) δ 21.8, 32.5, 46.2, 61.4, 120.1, 120.2, 126.1,
126.7, 126.9, 127.2, 127.5, 127.9, 128.0, 128.4, 129.0, 137.5, 140.2, 143.7, 148.0, 148.7, 149.0.

Preparation of 2-(9-phenyl-9H-fluoren-9-yl)benzo[d]thiazole (5f). Using general method F,
benzo[d]thiazol-2-yl(4-methyl-[1,1'-biphenyl]-2-yl)methanone,3a (179.8 mg, 0.57 mmol),and
benzene (0.5 mL, 5.60 mmol), compound 5f is isolated in 86 % yield as a light yellow solid, MP
197–199 oC. Rf = 0.38 (hexane: ethyl acetate, 5:1). 1H NMR (500 MHz, CDCl3) δ 7.30 (t, J =
6.00 Hz, 5 H), 7.35-7.42 (m, 3 H), 7.50 (t, J = 5.85 Hz, 3 H), 7.78 (d, J = 7.95 Hz, 1 H), 7.82 (d,
J = 7.65 Hz, 2 H), 7.86 (d, J = 7.85 Hz, 2 H), 8.13 (d, J = 8.20 Hz, 1 H).13C NMR (125 MHz,
CDCl3) δ 65.0, 120.3, 121.3, 123.2, 125.0, 126.0, 126.9, 127.3, 127.6, 128.1, 128.6, 128.7, 134.9,
140.4, 143.7, 149.1, 154.2, 174.6. Low resolution MS (EI): 375 (M+), 341, 298, 239, 187, 171.
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Preparation of 1-methyl-2-(2-methyl-9-phenyl-9H-fluoren-9-yl)-1H-imidazole (5g). Using
general method F, (1-methyl-1H-imidazol-2-yl)(4-methyl-[1,1'-biphenyl]-2-yl)methanone,2c
(89.2 mg, 0.323 mmol), and benzene (0.5 mL, 5.60 mmol), compound 5g is isolated in 91 %
yield as oil. Rf = 0.16 (hexane: ethyl acetate, 3:1). 1H NMR (500 MHz, CDCl3) δ 2.40 (s, 3 H),
2.74 (s, 3 H), 6.73 (d, J = 1 Hz, 1 H), 7.04 (d, J = 1.05 Hz, 1 H), 7.23-7.31 (m, 6 H), 7.39-7.42
(m, 3 H), 7.47 (d, J = 7.60 Hz, 1 H), 7.70 (d, J = 7.75 Hz, 1 H), 7.77 (d, J = 7.55 Hz, 1 H).13C
NMR (125 MHz, CDCl3) δ 21.8, 33.9, 61.3, 120.1, 120.2, 122.9, 126.0, 126.6, 126.8, 127.0,
127.6, 127.8, 128.08, 128.12, 129.1, 137.7, 138.1, 140.4, 143.3, 148.3, 148.6. Low resolution
MS (EI): 336 (M+), 268, 245, 160.

Preparation of 1-methyl-2-(9-phenyl-9H-fluoren-9-yl)-1H-benzo[d]imidazole (5h). Using
general method F, biphenyl-2-yl(1-methyl-1H-benzo[d]imidazol-2-yl)methanone, 3c (51.4 mg,
0.164 mmol), and benzene (0.5 mL, 5.60 mmol), compound 5h is isolated in 82 % yield as oil.
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Rf = 0.52 (hexane: ethyl acetate, 3:1).1H NMR (500 MHz, CDCl3) δ 2.92 (s, 3 H), 7.20 (q, J =
3.10 Hz, 1 H), 7.28 (t, J = 6.05 Hz, 5 H), 7.33 (t, J = 7.55 Hz, 2 H), 7.41 (d, J = 7.65 Hz, 2 H),
7.46 (t, J = 7.35 Hz, 2 H), 7.52 (d, J = 7.50 Hz, 2 H), 7.86 (d, J = 7.45 Hz, 2 H).13C NMR (125
MHz, CDCl3) δ 30.9, 62.1, 108.9, 110.1, 120.2, 120.4, 120.6, 121.8, 122.5, 122.9, 124.0, 126.2,
127.4, 127.8, 128.3, 128.4, 137.0, 140.4, 142.9, 148.0, 155.3. Low resolution MS (EI): 372 (M+),
355, 295, 281, 253, 239, 186.

Preparation of 5'H-spiro[fluorene-9,10'-imidazo[1,2-b]isoquinoline] (6a). Using general
method F, (1-benzyl-1H-imidazol-2-yl)(4-methyl-[1,1'-biphenyl]-2-yl)methanone,3b (236.9 mg,
0.70 mmol), and benzene (0.5 mL, 5.60 mmol), compound 6a is isolated in 88 % yield as a
yellowish solid, MP 225–228 oC. Rf = 0.25 (hexane: ethyl acetate, 1:1). 1H NMR (500 MHz,
CDCl3) δ 5.62 (s, 2 H), 6.62 (d, J = 7.50 Hz, 1 H), 7.05-7.10 (m, 5 H), 7.24 (td, J = 1.00 Hz, 6.50
Hz, 2 H), 7.30 (t, J = 6.05 Hz, 1 H), 7.38-7.44 (m, 3 H), 7.87 (d, J = 7.60 Hz, 2 H).13C NMR
(125 MHz, CDCl3) δ 47.6, 55.0, 117.9, 120.6, 124.6, 126.2, 127.3, 127.9, 128.1, 128.2, 128.3,
129.5, 129.8, 137.1, 140.6, 146.1, 151.6. Low resolution MS (EI): 320 (M+), 292, 280, 263, 252,
159.
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Preparation of 2-methyl-5'H-spiro[fluorene-9,10'-imidazo[1,2-b]isoquinoline] (6b). Using
general method F, (1-benzyl-1H-imidazol-2-yl)(4-methyl-[1,1'-biphenyl]-2-yl)methanone,2b
(78.0 mg, 0.222 mmol), and benzene (0.5 mL, 5.60 mmol), compound 6b is isolated in 94 %
yield as oil. Rf = 0.29 (hexane: ethyl acetate, 5:1). 1H NMR (500 MHz, CDCl3) δ 2.29 (s, 3 H),
5.63 (s, 2 H), 6.60 (dd, J = 0.65 Hz, 0.60 Hz, 1 H), 6.82 (s, 1 H), 7.00 (d, J = 7.55 Hz, 1 H), 7.067.11 (m, 2 H), 7.16-7.21 (m, 2 H), 7.28-7.30 (m, 2 H), 7.38 (t, J = 6.75 Hz, 2 H), 7.73 (d, J =
7.80 Hz, 1 H), 7.80 (d, J = 7.60 Hz, 1 H). 13C NMR (125 MHz, CDCl3) δ 21.8, 47.6, 55.8, 117.8,
120.19, 120.28, 124.5, 125.2, 126.1, 127.2, 127.7, 128.0, 128.1, 128.2, 129.1, 129.3, 129.8,
137.2, 138.0, 138.1, 140.7, 146.3, 151.5, 151.8. Low resolution MS (EI): 334 (M+), 306, 266,
159.

Preparation of pyridine-2,6-diylbis([1,1'-biphenyl]-2-ylmethanone) (7). Using general
method A and B, compound 7 is isolated in 61 % yield as light yellow solid, MP 111.2–113.5 oC.
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Rf = 0.44 (hexane: ethyl acetate, 5:1). 1H NMR (500 MHz, CDCl3) δ 6.71-6.74 (m, 4 H), 6.997.02 (m, 6 H), 7.21 (dd, J = 1.1 Hz, 7.6 Hz, 2 H), 7.48-7.51 (m, 2 H), 7.54-7.57 (m, 2 H), 7.59 (d,
J = 1.4 Hz, 1 H), 7.61 (d, J = 1.4 Hz, 1 H), 7.66 (t, J = 7.7 Hz, 1 H), 7.85 (s, 1 H), 7.87 (s, 1 H).
C NMR (125 MHz, CDCl3) δ 125.1, 126.6, 127.0, 127.8, 128.9, 129.1, 129.5, 130.6, 137.0,

13

140.8, 142.2, 152.4, 197.5.

Preparation of 2,6-bis(9-phenyl-9H-fluoren-9-yl)pyridine (8). Using general method F,
pyridine-2,6-diylbis([1,1'-biphenyl]-2-ylmethanone), 7 and benzene compound 8 is isolated in 93
% yield.

Preparation of 9-phenyl-9H-fluoren-9-ol (23). In a 50 mL round bottom flask cooled to -78 oC,
2-bromobenzene (0.50 mL, 4.8 mmol) is dissolved in 10 mL THF and stirred of 5 mins before
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slowly adding t-butyllithium in hexane solution (3.40 mL, 5.76 mmol). The reaction is stirred at
this temperature for 1 h before adding 9-fluorenone (865 mg, 4.8 mmol dissolved in 10 mL
THF). The reaction is maintained at -78 oC for an additional 30 mins before allowing it to warm
to room temperature. Following 3–4 h of stirring, the reaction is quenched with 5 mL of
saturated ammonium chloride solution and partitioned between chloroform and distilled water.
The aqueous fraction is further extracted twice after which the organic fractions are combined,
washed with brine and dried with anhydrous sodium sulfate. The solvent is removed by rotary
evaporation and the known compound 23 is isolated in 60 % yield.132
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1H

NMR and 13C NMR Spectra of New Compounds from Chapter 2
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Appendix C
1H

NMR and 13C NMR Spectra of New and Ionized Compounds from Chapter 4
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Figure 4.2a 1H NMR spectrum of pyrazine-based fluorenyl trication 12c using d6 acetone as
external standard at – 40 oC. Peaks at approximately δ 9.00 and 10.00 are from the
hydronium ion and excess acid respectively.
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Figure 4.2b 13C NMR spectrum of pyrazine-based fluorenyl trication 12c using d6 acetone
as external standard at – 40 oC. Peaks at approximately δ 30.00 and 210.00 are from the d6acetone external standard used.
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Figure 4.3a 1H NMR spectrum of pyrimidine-based fluorenyl trication 12d using d6 acetone
as external standard at – 40 oC. Peaks at approximately δ 9.00 and 10.00 are from the
hydronium ion and excess acid respectively.
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Figure 4.3b 13C NMR spectrum of pyrimidine-based fluorenyl trication 12d using d6
acetone as external standard at – 40 oC. Peaks at approximately δ 30.00 and 210.00 are
from the d6-acetone external standard used.
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Figure 4.4a 1H NMR spectrum of bis(fluorenyl cation) 21 using d6 acetone as external
standard at – 40 oC. Peaks at approximately δ 9.00 and 10.00 are from the hydronium ion
and excess acid respectively.
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Figure 4.4b 13C NMR spectrum of bis(fluorenyl cation) 21 using d6 acetone as external
standard at – 40 oC. Peaks at approximately δ 30.00 and 210.00 are from the d6-acetone
external standard used.
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Figure 4.5a 1H NMR spectrum of dibenzosuberenyl monocation 13a using d6 acetone as
external standard at – 40 oC. Peaks at approximately δ 9.00 and 10.00 are from the
hydronium ion and excess acid respectively.
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Figure 4.5b 13C NMR spectrum of dibenzosuberenyl monocation 13a using d6 acetone as
external standard at – 40 oC. Peaks at approximately δ 30.00 and 210.00 are from the d6acetone external standard used.
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Figure 4.6a 1H NMR spectrum of pyridine-based dibenzosuberenyl dication 13b using d6
acetone as external standard at – 40 oC. Peaks at approximately δ 9.00 and 10.00 are from
the hydronium ion and excess acid respectively.
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Figure 4.6b 13C NMR spectrum of pyridine-based dibenzosuberenyl dication 13b using d6
acetone as external standard at – 40 oC. Peaks at approximately δ 30.00 and 210.00 are
from the d6-acetone external standard used.
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Figure 4.7a 1H NMR spectrum of pyrazine-based dibenzosuberenyl dication 13c using d6
acetone as external standard at – 40 oC. Peaks at approximately δ 9.00 and 10.00 are from
the hydronium ion and excess acid respectively.
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Figure 4.7b 13C NMR spectrum of pyrazine-based dibenzosuberenyl dication 13c using d6
acetone as external standard at – 40 oC. Peaks at approximately δ 30.00 and 210.00 are
from the d6-acetone external standard used.
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1H

NMR and 13C NMR Spectra of New Compounds from Chapter 5
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